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CARTE DE SÉLECTION DE MODE DANS LA COMMUNICATION DE DISPOSITIF
À DISPOSITIF
Armin MORATTAB
RÉSUMÉ
Une des caractéristiques récentes présentées de la réseau d’évolution à long terme avancée
(LTE-A) permet aux équipement d’utilisateur (UE) du réseau de communiquer directement
entre eux sans acheminer le signal par le noeud B évolué (eNB). Ceci est appelé la transmission
de dispositif à dispositif (D2D) et il apporte différents types de gains au réseau. Les UEs
sont habilités à choisir leur mode de transmission parmi les modes de réutilisation, dédié et
cellulaire. Pour un réseau constitué d’une paire d’UE D2D, d’un UE cellulaire et d’un eNB,
la procédure de sélection de mode indique le meilleur mode à choisir par la paire D2D alors
que l’UE cellulaire est en communication avec l’eNB. Les modes réutilisation et dédiés sont la
transmission directe tandis que le mode cellulaire est la transmission cellulaire traditionnelle.
Dans le mode de réutilisation, les mêmes ressources de fréquence sont utilisées par la paire
D2D et l’utilisateur cellulaire, mais dans les modes dédié et cellulaire différentes ressources
sont allouées pour la transmission D2D et cellulaire.
Dans cette étude, nous montrons qu’il existe certaines régions dans le réseau où si l’UE en
déplacement y reste, un mode de transmission spéciﬁque est toujours sélectionné pour la trans-
mission entre la paire D2D. L’ensemble de ces régions est appelé carte de sélection de mode du
réseau. Nous utilisons nos modèles de carte de sélection de mode pour proposer un mécanisme
de transfert intercellulaire lorsque l’UE en déplacement quitte une région spéciﬁque dans la
carte et entre dans une région voisine.
Pour la dérivation de carte de sélection de mode, nous présentons un cadre analytique pour
un réseau simple D2D pour deux conditions différentes de canal: 1) canal de perte de voie de
ligne de vision (LoS); 2) canal d’évanouissement. Le débit global du réseau pour les modes de
réutilisation, dédié et cellulaire est calculé et présenté en trois équations différentes. Lorsque
le modèle du canal est perte de voie de LoS, pour trouver la carte de sélection de mode, ces
équations sont égalisées deux par deux et l’équation obtenue est résolue. Pour le scénario de
canal d’évanouissement, en raison de la variation probabiliste des canaux, l’attente du débit
total du réseau est calculée pour trois modes de transmission (TM) et les fonctions résultantes
sont égalisées deux par deux et résolues.
Dans notre étude de la question du transfert intercellulaire dans le réseau D2D, nous proposons
un algorithme pour le cas où l’UE cellulaire se déplace dans le réseau tandis que les canaux
de communication sont ﬁxés. L’algorithme repose sur deux paramètres de décision, à savoir la
distance aux limites de la carte et de l’intersection avec les limites de la carte, qui sont calculées
analytiquement. Pour évaluer la performance du mécanisme de transfert intercellulaire, nous
développons une approche analytique pour calculer deux mesures de performance, appelées
taux de transfert intercellulaire et durée de séjour, en utilisant la carte de sélection de mode.
VIII
Mots clés: Dispositif à Dispositif, D2D, sélection de mode, carte de sélection de mode,
transfert intercellulaire, gestion de la mobilité
MODE SELECTION MAP IN DEVICE-TO-DEVICE COMMUNICATION
Armin MORATTAB
ABSTRACT
One of the recent features presented by the Long Term Evolution - Advanced (LTE-A) stan-
dard is enabling the network User Equipments (UEs) to directly communicate with each other
without routing the signal through evolved-Node B (eNB). This is called the Device-to-Device
(D2D) transmission and it brings different types of gains to the network. The UEs are enabled
to choose their transmission mode among the reuse, dedicated, and cellular modes. For a net-
work consisting of a pair of D2D enabled UEs, a cellular UE, and an eNB, the mode selection
procedure indicates the best mode to be chosen by the D2D pair while the cellular UE is in
communication with the eNB. The reuse and dedicated modes are direct transmission while
the cellular mode is the traditional cellular transmission. In the reuse mode the same frequency
resources are used by the D2D pair and the cellular user. However, in the dedicated and cellular
modes, different resources are allocated for the D2D and cellular transmission.
In this work, we show that there are certain regions in the network that if the moving UE stays
in them, a speciﬁc transmission mode is always selected for the transmission between D2D
pair. The set of these regions is called the mode selection map of the network. We use our
mode selection map models to propose a handover mechanism when the moving UE leaves a
speciﬁc region in the map and enters to a neighboring region.
For mode selection map derivation, we present an analytical framework for a simple D2D en-
abled network for two different channel conditions: 1) Line-of-Sight (LoS) path-loss channel;
2) fading channel. The overall throughput of the network for the reuse, dedicated, and cellu-
lar modes is calculated and presented in three different equations. When the channel’s model
is LoS path-loss, to ﬁnd the mode selection map, these equations are equalized two by two
and the resulted equation is solved. For the fading channel scenario, due to the probabilistic
variation of the channels the expectation of the overall throughput of the network is calculated
for three Transmission Modes (TMs) and the resulted functions are equalized two by two and
solved.
In our study of handover issues in D2D enabled network we propose an algorithm for the case
when the cellular UE moves in the network while the communication channels are ﬁxed. The
algorithm relies on two decision parameters, i.e. distance from the boundaries of the map and
intersection with the boundaries of the map, which are analytically computed. To evaluate
the performance of the handover mechanism we develop an analytical approach to calculate
two performance metrics, denoted as handover rate and sojourn time, using the mode selection
map.
Keywords: Device-to-Device, D2D, mode selection, mode selection map, handover, mobility
management
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INTRODUCTION
The ever-increasing mobile trafﬁc in recent years has induced service providers and telecom-
munications industries to develop new techniques and designs to provide higher data rates
with guaranteed Quality-of-Service (QoS) and smaller prices (CISCO, 2015) for their cus-
tomers in their everyday cellular communications. Relying solely on the traditional cellu-
lar networking cannot provide these qualities to the users. Therefore, in the last decade,
providers and industrial telecommunication companies have developed new techniques and
designs, such as cognitive radio (Mitola and Maguire, 1999; Liang et al., 2008), Femtocells
(Chandrasekhar et al., 2008; Claussen et al., 2008), Device-to-Device (D2D) communications
(Doppler et al., 2009; Janis et al., 2009; Doppler et al., 2011, 2010), Carrier Aggregation (CA)
(Yuan et al., 2010), Coordinated Multi-Point (CoMP) (Irmer et al., 2011), Relay-Enhanced
Networks (REN) (Salem et al., 2010), and Heterogeneous Networks (HetNet) (Damnjanovic
et al., 2011) for 4th-generation (4G) Long Term Evolution (LTE), LTE–Advanced (LTE-A),
and 5th-Generation (5G) systems. These schemes provide users with more capabilities on their
User Equipments (UEs), much higher data rates and less latency (Osseiran et al., 2011; Asadi
et al., 2014; Andrews et al., 2014; Li and Guo, 2014; Mumtaz and Rodriguez, 2014; Song
et al., 2015).
The D2D transmission is one of the features proposed for 5G networks that enables paired UEs
to communicate directly with each other without unnecessary routing of trafﬁc through the
network infrastructure (Doppler et al., 2009, 2011; Janis et al., 2009; Doppler et al., 2010). In
Fig. 0.1 a simple D2D transmission has been compared with the traditional cellular network.
Such a transmission provides four types of gains (Lei et al., 2012; da S. Rêgo et al., 2012;
Phunchongharn et al., 2013; Asadi et al., 2014; Mumtaz and Rodriguez, 2014; Song et al.,
2015; Panagopoulos, 2015):
2Figure 0.1 D2D transmissions underlaying a traditional cellular wireless
communications system
Taken from Phunchongharn et al. (2013)
• Proximity gain: where the short range communication using a D2D link enables high bit
rates, low delays, and low power-consumption;
• Hop gain: where D2D transmission uses one hop rather than two hops (i.e. communicating
via evolved Node-B (eNB) in which case both Up-Link (UL) and Down-Link (DL) resources
are used);
• Reuse gain: where D2D and cellular links can simultaneously share the same radio re-
sources;
• Pairing gain: which facilitates new types of wireless local-area services.
There are three possible Transmission Modes (TM) for D2D enabled UEs: reuse, dedicated,
and cellular modes. The ﬁrst two TMs are using direct transmission between paired UEs, while
the last is the traditional cellular transmission. In the reuse mode the same frequency resource
is reused by both D2D paired UEs and other cellular transmission in the network, which causes
interference at the receivers. However, in the dedicated and cellular modes different resources
are dedicated to each D2D transmission and cellular transmission, hence no interference ap-
3pears at receivers. In order to start communication, D2D UEs should decide among these three
different TMs (Doppler et al., 2010; Liu et al., 2012b,a; Song et al., 2015; Panagopoulos, 2015;
Wang and Tang, 2016; Huang et al., 2016), or they could also apply a mixed mode mechanism
in which each D2D link can utilize multiple modes through mode switching or resource multi-
plexing (Feng et al., 2015; Tang and Ding, 2016). Such a decision process is called the mode
selection. Fig. 0.2 shows these three possible modes in a D2D enabled 5G network.
Figure 0.2 Three different TMs in D2D enabled networks
Taken from Feng et al. (2015)
For single mode selection, the decision is made periodically based on a speciﬁc criterion, such
as the overall throughput of the network. In other words, the TM which gives the highest
throughput is selected. It has been shown that for a ﬁxed transmission power, channel condi-
tions, and noise power, the TM to be selected depends on the location of entities in the network
(Morattab et al., 2015).
4In this work, to the best of our knowledge, we show for the ﬁrst time that there are certain
geographical regions characterized by the fact that movement of one entity inside any particular
region, while other entities are ﬁxed, does not change the selected TM for the D2D UEs’
communication. We ﬁnd the function that deﬁne the borders of such regions analytically for
two different scenarios in which the communication channel between the network entities is
a Line-of-Sight (LoS) path-loss channel or when it experiences fading. We denote the set of
these regions and the borders between them as the mode selection map of the D2D enabled
network. Then we use these results to propose a vertical handover mechanism to enable a
smooth transmission in the network while UEs are moving.
Motivation
In our recent work (Morattab et al., 2015), we studied the possible mode selection technique
for a network where entities use Multiple-Input-Multiple-Output (MIMO) techniques. In that
work, we observed that there are certain regions in the network that if the cellular UE is located
there, always a speciﬁc TM is selected by paired D2D UEs. Such regions were also shown
in (Doppler et al., 2009) implicitly where the main objective was to maximize the overall
throughput of the network through mode selection for single antenna UEs in the network. In
both studies, the resulted map is achieved numerically by calculating the throughput for each
TM at a speciﬁc point in the network, and the TM that gives the highest overall throughput in
this point is indicated. Fig. 0.3 shows the resulting map achieved by running a numerical point
by point mode selection algorithm for single antenna and multiple antenna cases presented in
(Doppler et al., 2010) and (Morattab et al., 2015) respectively.
This study is motivated by the following questions brought up from our observations of (Doppler
et al., 2010) and our work (Morattab et al., 2015):
• Is there any analytical approach to derive these geographical regions?
5a) SISO (Doppler et al., 2010) b) MIMO (Morattab et al., 2015)
Figure 0.3 Mode selection map numerically resulted from mode selection algorithm for
Single-Input-Single-Output (SISO) and MIMO cases
• What factors affect the shape of these regions?
• Being analytically calculated, what are the applications that can take advantage of such
regions?
To better understand the set of issues we are going to solve in this work, the summary of these
issues is presented in the following Section.
Problem Overview
In this work, we study possible techniques to derive the mode selection map of a D2D en-
abled 5G network. Relying on our results to ﬁnd such a map, we study the problem of vertical
handover, where movement of the cellular UE causes the TM change in the concurrent com-
munication between the paired D2D UEs. The issues in each part of this study are summarized
as follows.
Mode Selection Map
As discussed earlier, a pair of D2D UEs can communicate using the reuse, dedicated, and cellu-
lar modes. In general, this communication can be parallel with a subset of other transmissions,
6but for simplicity in our study we only allow a single cellular UE to be in transmission in UL
with eNB. The movement of any of the UEs might cause a TM change of the D2D pair due
to the amount of interference the receiving UE of the D2D pair experiences. Fig. 0.4 shows a
speciﬁc case where the cellular UE moves in the network while the D2D paired UEs are ﬁxed.
Figure 0.4 A D2D enabled network consisting a paired D2D UEs, UEs and UEd, and a
cellular UE, UEc
Taken from Morattab et al. (2016)
Our observation of the simulation results in (Doppler et al., 2010; Morattab et al., 2015),
brought the idea of having possible disjoint regions to which a speciﬁc TM is dedicated. More
speciﬁcally we address the problem of ﬁnding regions in the network where if the moving UE
is located there, the paired UEs, i.e. UEs and UEd, keep their TM. It should be noted that Fig.
0.4 shows the case where the cellular UE, i.e. UEc, is moving in the network while UEs and
UEd are ﬁxed.
The ﬁrst issue regarding the mode selection map derivation is the mathematical modeling of the
problem for different cases in which one of the UEs in the network move while other UEs are
ﬁxed. The modeling phase include the steps that should be taken to determine mode selection
map equations. The solution to the equations in each case requires different approach due to
the type of the equation and the non-linearity appears there. Finally, in our work we study
7the mode selection map for two different networks which communication channels experience
fading or not. Each case requires different modeling and solution steps.
Mobility Management and Handover
Due to the limited transmission range in D2D communication, a handover mechanism is re-
quired to take the responsibility for a possible TM change between the paired D2D UEs and
to achieve a seamless communications for the paired D2D UEs when the mobility of the enti-
ties in the network, which are synchronized in resource allocation and mode selection process,
reduces the performance of the network.
In this work, we use the results from the mode selection map derivation process for handover
mechanism. This requires to ﬁrst identify proper decision parameters and then calculate their
value as a function of network variables. Another issue is the presentation of the vertical
handover to include the decision parameters as well as practical limitations of the transition
between modes. Finally, to evaluate the performance of the handover algorithm some perfor-
mance metrics should be presented and be calculated.
Objectives
The general objective of this work is to develop analytical approaches for derivation of the
mode selection map of a simple D2D enabled network and use its results to achieve a vertical
handover mechanism. Therefore, the ﬁrst main objective is to develop an analytical framework
to ﬁnd the mode selection map of a simple D2D enabled network. This approach should
consider different communication channel conditions in terms of fading presence as well as
different scenarios where any of the UEs in the network might move.
The second main objective is to utilize the mode selection map in the development of a vertical
handover mechanism. Here, a subset of decision parameters should be calculated analytically
8for triggering the handover execution. Moreover, to evaluate the performance of the handover
procedure, speciﬁc metrics should be calculated analytically.
The two main objectives are decomposed into the following speciﬁc objectives:
• Study and analysis of mode selection in D2D enabled networks;
• Develop a model to analytical derivation of mode selection map having LoS path-loss model
and fading model for the communication channels;
• Study and analysis of handover mechanisms in D2D enabled networks;
• Develop a model to use mode selection map for a handover mechanism;
• Analytical calculation of decision parameters and performance metrics for the handover
mechanism.
Methodology
In this work, we study the problem of mode selection map derivation and handover mechanisms
in D2D enabled networks using analytical approaches.
In the ﬁrst phase, we address the problem of the derivation of the mode selection map. For this
purpose, we present two scenarios using two different channel models: 1) LoS path-loss model;
2) fading model. For LoS channel scenario, we assume to have ﬁxed communication channels
between involved entities. The overall throughput of the network for the reuse, dedicated, and
cellular modes is calculated. Then to ﬁnd the mode selection map, these equations should be
equalized two by two and be simpliﬁed. Depending on the moving UE, there are three different
cases that these equations should be solved to reach the mode selection map. These three
cases are when either of UEc or UEs or UEd moves while the other two UEs are ﬁxed. In the
fading channel scenario, the communication channel between the involved entities is assumed
to experience fading and it is modeled as Rayleigh fading channel. Due to the probabilistic
9variation of the channels the expectation of the overall throughput of the network is calculated
for three TMs. Like the previous scenario these functions are equalized two by to and solved.
In this work, for the fading scenario, we only consider the case where UEc moves while UEs
and UEd are ﬁxed.
In the second phase, the problem of vertical handover in D2D enabled network is discussed.
We develop a handover algorithm for the case when UEc moves in the network assuming ﬁxed
LoS channels. The ﬁrst scenario is dedicated to ﬁnd the decision parameters which are distance
from the map and intersection with the map. To ﬁnd these parameters it is required to develop
an analytical approach to calculate perpendicular points from the moving UEc to the map as
well as its intersection with the map when UEc moves in a speciﬁc direction. Then in the
second scenario, we use these decision parameters to present the handover mechanism. The
distance threshold and the period time of the algorithm execution is also calculated. Finally
to evaluate the performance of the handover mechanism we present handover rate and sojourn
time and we calculate them for a D2D enabled network analytically using the derived mode
selection map.
Contributions
Guided by the objectives presented in Section and using the methodology proposed in Section
, this thesis makes the following important novel contributions:
• To the best of our knowledge, calculating the mode selection map when the communication
channel between the network entities is modeled as LoS path-loss model without fading, for
two different cases which either of the D2D paired UEs move while other UEs are ﬁxed in
the network, is treated and solved for the ﬁrst time;
• To the best of our knowledge, the problem of calculating the mode selection map over a
fading channel is presented for the ﬁrst time in this work;
10
Figure 0.5 Mapping of the objectives and methodology
• A new mobility management and handover technique is proposed based on the distance from
the mode selection map and the direction of the moving cellular UE is presented;
• An analytical approach to calculate the distance from the map, as the decision variable of
the handover algorithm, and critical direction set is proposed;
• The performance metrics, i.e. handover rate and sojourn time, to evaluate the handover
mechanism are analytically calculated.
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Publications
The contributions listed in Section have been presented in three journals and two conference
publications. The complete list of publications associated with this research work is presented
below.
Journals
The two submitted journals (J1 and J2) corresponds to the issue of mode selection map deriva-
tion for LoS path-loss channels and fading channels respectively. These works are related to
the ﬁrst phase of this research work and they are presented in chapters 1 and 2 respectively. As
a result of the second phase, we have the submitted journal (J3) that correspond to the vertical
handover mechanism that is included in Chapter 3.
Submitted
[J1]:Morattab A., Dziong Z., Sohraby K., Mode Selection Map in Device-to-Device Enabled
Networks - An Analytical Approach, submitted to IEEE Transactions on Vehicular Tech-
nology;
[J2]:Morattab A., Dziong Z., Sohraby K., Mode Selection Map in D2D Enabled Cellular Net-
works over Fading Channels, submitted to IEEE Transactions on Vehicular Technology;
[J3]:Morattab A., Dziong Z., Sohraby K., Vertical Handover in D2D Enabled 5G Networks
Based on Mode Selection Map, submitted to Elsevier Journal of Network and Computer
Applications.
Conferences
The conference paper (C1) presents our early achievements on using MIMO precoding/decod-
ing in D2D enabled networks. In this the mode selection is applied by maximizing the overall
throughput of the network for each TM, which results on precoding and decoding matrices,
and then selecting the mode which gives the highest throughput. This work gave us the initial
clue to develop techniques to derive the mode selection map. This work is attached to this
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thesis and is presented in appendix I. In other published conference paper (C2), we study for
the ﬁrst time the mode selection derivation problem, only for the case where cellular UE moves
in the network and the two D2D paired UEs are ﬁxed. We also assume that the communication
channel between the entities is LoS without fading presence. This work is also attached to this
thesis and is presented in appendix II.
Published
[C1]:Morattab A., Dziong Z., Sohraby K., An optimal MIMO mode selection method for D2D
transmission in cellular networks, Wireless and Mobile Computing, Networking and
Communications (WiMob), 2015 IEEE 11th International Conference on, Pages: 392-
398, October 2015, Abu Dhabi, UAE;
[C2]:Morattab A., Dziong Z., Sohraby K., Mobility Impact on Mode Selection Map in D2D
Networks – An Analytical Approach, 2016 IEEE Wireless Communications and Network-
ing Conference (WCNC 2016), Pages: 1-6, April 2016, Doha, Qatar.
Thesis Outline
The thesis is organized as follows: The next Chapter presents the literature review related to
our addressed problems. Chapters 1-3 show the contribution of this research work.
Chapter 1: Mode Selection Map in Device-to-Device Enabled Networks - An Analytical
Approach [J1]
In this chapter we show that there are certain network geographical regions characterized by
the fact that movement of one entity inside any particular region, while other entities are ﬁxed,
does not change the best TM for D2D UEs’ communication. The set of these regions and the
borders between them form the mode selection map of the D2D enabled network. While this
problem is addressed in our earlier work (Morattab et al., 2016), in this chapter we develop our
analytical approach for mode selection map derivation for other two cases where either of the
paired D2D UEs move in the network. The resulted map can be used by eNB to assign the best
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TM for the communication between D2D UEs without applying the mode selection algorithm
periodically. As long as the moving entity does not leave its region, the selected mode remains
the same.
Chapter 2: Mode Selection Map in D2D Enabled Cellular Networks over Fading Chan-
nels [J2]
Due to multi-path propagation and shadowing from obstacles affecting the wave propagation,
the communication channels in wireless networks usually experience fading effects. Being
wireless, D2D transmission is not an exception to fading, therefore, to have a reliable model-
ing and solid results, the fading effect should be taken into account for mode selection, perfor-
mance analysis, channel modeling, or resource allocation. Likewise, a new approach to derive
the mode selection map considering the presence of fading effect, for the communication chan-
nels between two entities, is required. Since the statistics of random variables, which represent
fading, would not change for a long time, the resulted map could be used in applications such
as mode selection, resource allocation, mobility management and handover. Such approach is
the subject of this chapter and we provide an analytical framework which leads to geometri-
cal functions describing the mode selection map of the network when fading is present. We
develop this model only for the case when cellular UE moves in the network and paired D2D
UEs have ﬁxed locations.
Chapter 3: Vertical Handover in D2D Enabled 5G Networks Based on Mode Selection
Map [J3]
In this chapter we propose a vertical handover technique to take the responsibility for the TM
change for the communication between the paired UEs when the moving cellular UE affects the
quality of transmission between them. We apply our analytical approach presented in (Morat-
tab et al., 2016), to reach the mode selection map of the network. We design the handover
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algorithm, based on the resulted map, by presenting an analytical framework to ﬁnd the tan-
gent points, perpendicular points, and intersection points to the map. The resulted equations
are applied to ﬁnd the distance from the map and critical direction set. Our proposed algo-
rithm uses this distance variable together with the direction of the movement, to decide the
best time to start the vertical handover procedure. The critical direction set is used to calculate
handover rate and sojourn time, which are the performance metrics of our handover algorithm,
analytically to analyze its efﬁciency.
Finally, the thesis ends by conclusions that provide a summary of the addressed problems, the
proposed solutions and the future research works.
LITERATURE REVIEW
As discussed before the idea of D2D transmissions is based on the concept of mixing ad-hoc
wireless networks and cellular networks. It was discussed for the ﬁrst time in a 3rd Gener-
ation Partnership Project (3GPP) document under the name of “Opportunity Driven Multiple
Access” (ODMA) as a mean to improve the efﬁciency of Universal Mobile Telecommunica-
tions System (UMTS)-Time-Division Duplexing (TDD) systems (3GPP, 1999) by establishing
a connection between far user and the Base Station (BS) using multi-hop relaying by other
users, not a direct communication between two users that they want to communicate with each
other.
The idea of direct communication between two users has been presented in (Lin and Hsu,
2000; Qiao et al., 2000; Qiao and Wu, 2000) where they introduce a multi-hop transmission
considering mobile devices as relays. In (Lin and Hsu, 2000) the multi-hop scenario has been
compared with single-hop scenario, and it has been shown that with the same number of BSs
the multi-hop technique has higher throughput in comparison with single-hop. The spatial
reuse advantage of such a technique also has been analyzed in the paper. In (Qiao et al., 2000;
Qiao and Wu, 2000), the basic idea is to place a number of mobile relay stations within each-
cell to achieve dynamic load balancing among different cells which increases the effective
capacity of the system. Although they have used ﬁxed relays to bypass the trafﬁc of one cell to
the neighbor cell, they have proposed that such a relaying method can be done using the mobile
devices which make an ad-hoc network. In order to extend the cell coverage of new cellular
systems, the authors in (Gruber and Li, 2004) proposed a novel routing algorithm based on
ad-hoc networking which increases the distance between adjacent BSs and reduces the cost of
deployment.
In (Le and Hossain, 2007), the authors discuss different challenges in Multi-hop Cellular Net-
works (MCN) where relays are deployed in speciﬁc location in the network to enhance the
communication in UL an DL. In this work, a Virtual-MIMO (V-MIMO) technique which users
or relays can make a cluster to pass the signal from source to destination in a single hop or
multiple hops is discussed. The handover issue in MCN has been studied in (Cho et al., 2009)
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which relay stations are located either inside a cell or on the boundary between two adjacent
cells. This paper also investigates the effects of the deployment position of relay stations to
handover performance. It has been shown that the overall throughput of the MCN with re-
lay stations inside a cell is higher than for those with relay stations on the boundary between
two adjacent cells, whereas the opposite is observed for the throughput of cell-boundary users.
(Mahmoud and Shen, 2012) proposes a fair and efﬁcient incentive mechanism to stimulate the
user cooperation in MCN. The presented mechanism uses a charging policy for source and
destination nodes to deal with the problem of selﬁsh nodes which they just make use of the
cooperative nodes to relay their packets.
Since 1999 when the idea of Internet of Everything (IoE), which later called Machine-to-
Machine (M2M) transmission, was presented in (Ashton, 2009), many researchers started to
investigate the challenges in that area. The main issue was how to enable machines equipped
with different transmission systems to communicate with each other efﬁciently. Although such
a transmission can be done using wire-line or wireless systems, the cellular networks have
been suggested to be the main infrastructure to enable machines to directly communicate with
each other as it is partially standardized for LTE networks as LTE-M by Seven Standards De-
velopment Organizations (SDOs) (3GPP, 2012). D2D transmission is a special case of M2M
transmission which focuses on transmission between UEs. As discussed earlier in this chap-
ter, in previous works the transmission between users was only for routing the signal form
the source user in UL to the base station or vice versa. The direct transmission between de-
vices, without passing the signal through the base station, is discussed for the ﬁrst time in
(Middleton and Lilleberg, 2007). In this paper, the users in a cell are either uniformly dis-
tributed in the network or they are located in different clusters. For the mobile users located
in the same cluster, it is also allowed to communicate directly with each other. It has been
shown that if the clusters distance is more than a speciﬁed minimum distance they can reuse
the resources while the Signal-to-Interference-plus-Noise-Ratio (SINR) of the received signal
is more than a speciﬁed value. In (Kaufman and Aazhang, 2008) the authors have offered a
spectrum sharing strategy between cellular and D2D users in the same scenarios as (Middle-
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ton and Lilleberg, 2007). They have derived an analytical expression for the probability of
existence of a single-hop D2D link that does not cause the cellular link to break, for uniformly
distributed D2D users and clustered D2D users. It has been also discussed that for the ﬁrst case
such a D2D link can exist with signiﬁcant probability, but in clustered D2D model such a link
can exist with very high probability in certain user topologies. By considering multi-hop, the
probability that a D2D link can exist further increases. Both (Middleton and Lilleberg, 2007;
Kaufman and Aazhang, 2008) consider a beyond-3G network based on Worldwide Interoper-
ability for Microwave Access (WiMAX) which uses Orthogonal Frequency-Division Multiple
Access (OFDMA) technique for transmission.
A basic study which introduces D2D transmission as an underlay to LTE-A network is (Doppler
et al., 2011) where a session setup mechanism for D2D transmission and management has
been proposed. It is shown that D2D transmission considerably increases the total throughput
observed in the cell area, compared to the case where all D2D trafﬁc is relayed by the cellular
network. The authors further investigate the feasibility and the range of D2D transmission, and
its impact to the power margins of cellular communications in (Doppler et al., 2009) which
their results demonstrate that by tolerating a modest increase in interference, D2D transmission
with practical range becomes feasible.
To deal with the issue of mode selection, (Zulhasnine et al., 2010; Doppler et al., 2010;
Belleschi et al., 2011; Yu et al., 2011; ElSawy et al., 2014) have presented different approaches.
(Zulhasnine et al., 2010) has considered the D2D and cellular link quality and the interference
situation of each possible sharing mode and ﬁnally a mode that provides the highest sum-rate
while satisfying the SINR constraint of the cellular network in both single-cell and multiple-
cell is selected. In their model each cell includes one D2D pair and one cellular user and they
have not considered the issue of power control. In (Doppler et al., 2010) the authors have
presented a mode selection scheme with power control in a single cell and multi-cell scenario
that includes one D2D link and one cellular user able to reuse the same resources and they
are subject to spectral efﬁciency restrictions and maximum transmission power or energy con-
straints. This method enables a much more reliable D2D transmission with limited interference
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to the cellular network compared to simpler mode selection procedures which forces all D2D
terminals to reuse the same resources as the cellular communication. The authors in (Belleschi
et al., 2011) have formulated the joint mode selection, scheduling and power control task as
an optimization problem in both centralized and distributed manner. They have shown that the
distributed scheme performs close to the optimal scheme (centralized) both in terms of resource
efﬁciency and user fairness. The single-cell mode selection and resource allocation algorithm
also effectively extends the range for which D2D transmissions is useful. It helps to protect the
cellular layer from interference from D2D links and reduces the overall power consumption
in the network. In (Yu et al., 2011) an optimum resource allocation and power control be-
tween the cellular and D2D connections that share the same resources have been analyzed for
different resource sharing modes in both single-cell and multi-cell scenarios. In their method
the cellular user with a higher channel quality will share the resource with a D2D link which
causes lower interference. The authors in (ElSawy et al., 2014) propose a biasing-based mode
selection method for D2D-enabled cellular networks. They introduce bias value and power
control cutoff threshold as two important design parameters to control the performance of the
network. Their results have shown that underlay D2D communication improves the system
performance in terms of spatial frequency reuse, link spectrum efﬁciency, and spatial spectrum
efﬁciency, that they have been evaluated analytically.
Regarding the issue of the mode selection map, the idea is implicitly discussed for the ﬁrst
time in (Doppler et al., 2010) where a mode selection procedure in single-cell and multi-cell
environments is proposed. The map is derived numerically by optimizing all possible TMs and
selecting the one that gives the highest throughput for given location of the cellular UE. In our
previous work, (Morattab et al., 2015), we extended the mode selection procedure in (Doppler
et al., 2010) assuming the UEs and eNB to use MIMO precoding. We present a method to op-
timally design MIMO precoders and decoders at each transmitter and receiver respectively, to
reach the highest possible overall throughput for different TMs. Our results in that work shows
considerable gain and efﬁciency in MIMO scenario compared to SISO which is discussed in
(Doppler et al., 2010). Derivation of the mode selection map of the network numerically using
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the same point-to-point technique shows that using MIMO, the area where the dedicated and
reuse modes reach the highest throughput is larger than SISO scenario. The mode selection
maps in (Doppler et al., 2010; Morattab et al., 2015) are derived numerically by applying a
point-to-point procedure which is imprecise, complex, time consuming, and inefﬁcient. Using
such methods consumes a lot of execution time and systems memory. Since, such methods are
point based, the precision of resulting map is a function of the distance between two consecu-
tive points where mode selection algorithm is applied. To deal with these issues in (Morattab
et al., 2016) we present an analytical approach to ﬁnd the mode selection map for the case
where the cellular UE moves in the network and the D2D pairs are ﬁxed. For simplicity an
LoS path-loss model is considered for the communication channel between each two entities
without fading presence. We showed that the resulting geometrical functions presented in the
paper could trace the mode selection map precisely for each arbitrary conﬁguration of the net-
work. In a recent work in (Xu et al., 2016), the authors make a theoretical analysis on D2D
mode selection with user mobility. Although the authors do not explicitly present a mode se-
lection map derivation method, they deﬁne a region where its border is computed by equating
the Received Signal Strength (RSS) of the cellular and reuse modes. In this work, TM between
the paired D2D UEs is changed whenever one of the UEs exits a speciﬁc region. Although
the authors presented an equation to reach the equi-RSS boundaries, no solution is proposed
to derive the mode selection map. Except presenting a circular region as the approximation
of the equation. Moreover the fading effect is missing in problem modeling and calculations.
Our work in Chapter 1 extends our results presented in (Morattab et al., 2016), for other two
cases which either of the paired D2D UEs move in the network while the cellular UE and the
other paired UE are ﬁxed in the network. In Chapter 2, we present our analytical framework to
derive the mode selection map when only cellular UE is moving in the network and the channel
between each two communicating entities experiences fading.
As discussed earlier, one of the main issues in D2D enabled networks, is how to design a
handover scheme that could maintain the QoS of a connection between two paired UEs and
execute TM change in a seamless way whenever is needed. Some works have been done in
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recent years to study this issue in different applications and scenarios (Raghothaman et al.,
2013; Yilmaz et al., 2014; Chen et al., 2015; Orsino et al., 2015; Jarray and Giovanidis, 2016;
Xu et al., 2016). In (Raghothaman et al., 2013), the authors present protocols to extend the
3GPP LTE-A system to incorporate D2D communication, including the establishing and main-
taining a D2D call and procedures for efﬁcient mobility between a traditional cellular mode
and a D2D mode of operation within one cell. This work only provides a time sequence pro-
cedure for the handover mechanism without presenting a speciﬁc decision criteria. Moreover
it is not explained well that the direct D2D is for the reuse mode or the dedicated mode. In
(Yilmaz et al., 2014), a handover mechanism based on RSS which is able to minimize the
end-to-end latency and signaling overhead for the communicating D2D pairs. The authors in
(Chen et al., 2015), provide the same handover scenario as presented in (Yilmaz et al., 2014),
however unlike the previous work, several decision criteria have been taken into account to
ﬁnd the best time to start the handover. The issue regarding the proposed handover scheme in
(Yilmaz et al., 2014; Chen et al., 2015) is that they do not provide performance metrics for
their algorithm. In (Orsino et al., 2015) a handover scheme, where D2D connectivity helps to
improve the migration of users across different BSs to enhance the overall link quality experi-
enced by the UEs is presented. Like (Yilmaz et al., 2014; Chen et al., 2015) the handover is
for the case when D2D UEs move from one cell to other cells. The mechanism presented in
this work is able to efﬁciently offer the attractive energy efﬁciency, data rate, and packet deliv-
ery ratio beneﬁts. Moreover performance metrics of their solution by utilizing the tools from
stochastic geometry are derived which is an advantage over (Yilmaz et al., 2014; Chen et al.,
2015). In (Jarray and Giovanidis, 2016), the performance of caching in D2D networks for dif-
ferent degrees of node mobility is studied. In the presented scenario devices could establish
connection with transmitters that have the desired content cached, however due to the mobility
the link quality between receivers and transmitters is affected which results in connection drop.
This work does not propose any handover mechanism and only studies the performance of the
network while UEs move. Our work in Chapter 3 partially relies on the recent study presented
in (Xu et al., 2016), which the authors make a theoretical analysis on D2D mode selection with
user mobility. As discussed earlier, an approximation of equi-RSS equations is used to deﬁne
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the area which the reuse mode is always selected for the communication between the D2D
pair. Another deﬁciency of this work is the absence of the dedicated mode to be selected by
the paired D2D UEs. In this work, only cellular and reuse modes are allowed.
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Abstract
Device-to-Device (D2D) transmission is one of the promising features of 5G networks enabling
direct transmission between User Equipment (UE) in addition to traditional cellular transmis-
sion. Communicating UEs would be able to select among different transmission modes based
on a deﬁned criteria. In this paper, a network consisting of a communicating D2D pair and one
cellular UE communicating with an evolved Node-B (eNB) is considered. For simplicity the
communication channel between each two entities is modeled using a line-of-sight (LoS) path-
loss model. It is assumed that the cellular UE uses uplink transmission while the paired D2D
UEs would select among the reuse, dedicated, and the cellular transmission modes taking into
account the overall network throughput as the mode selection criteria. We present two different
cases where one of the UEs in D2D pair moves and the other UEs are ﬁxed. For each case we
develop an analytical solution to ﬁnd mode selection map, which speciﬁes the regions in the
network where if the moving UE remains in the region, a speciﬁc mode is selected for com-
munication between the D2D pair. Our analytical solution shows that the mode selection map
could be deﬁned by geometrical functions. The shape of the map depends on the transmission
power of UEs and eNB, the location of ﬁxed UEs, and the channels’ condition. Our simulations
verify the results of the mode selection map derivation using the proposed analytical approach.
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Introduction
The deployment of the fourth generation (4G) Long Term Evolution (LTE) and LTE-Advanced
(LTE-A) systems in cellular networks has provided users with more capabilities on their User
Equipment (UEs) (Asadi et al., 2014; Song et al., 2015; Li and Guo, 2014; Mumtaz and Ro-
driguez, 2014). They can easily watch their desired video, surf web and make Voice-over-IP
(VoIP) calls, or listen to their favorite music. In light of such advances, the number of users
is increasing rapidly and they demand higher data rates with guaranteed Quality-of-Service
(QoS) at lower prices (CISCO, 2015). Therefore, it is inevitable for service providers and
telecommunication companies to develop new techniques and designs to satisfy customers.
Device-to-Device (D2D) communication is one of the features proposed for ﬁfth generation
(5G) and beyond networks that enables UEs communicate directly with each other instead of
using the traditional cellular option (Asadi et al., 2014; Song et al., 2015; Doppler et al., 2009;
Janis et al., 2009; Doppler et al., 2011).
There are three possible Transmission Modes (TM) for D2D UEs: reuse, dedicated, or cellular
modes. The ﬁrst two TMs use direct transmission between UEs, while the last is the traditional
cellular transmission. The difference between the reuse and dedicated TMs is in the method of
utilizing resources for D2D pair. In the reuse mode, D2D UEs and a subset of other cellular
devices reuse the same resources (frequency spectrum). In the dedicated mode, only dedi-
cated resources are allocated to D2D UEs. Communicating D2D UEs should decide among
these three different TMs (Doppler et al., 2010; Liu et al., 2012c), or apply a mixed mode
mechanism in which each D2D link can utilize multiple modes through resource multiplexing
(Tang and Ding, 2016). Such a decision leads to the mode selection process.
For single mode selection, the mode selection decision is made periodically based on a speciﬁc
criterion, such as the overall throughput of the network. In other words, the TM which pro-
duces the highest throughput is selected. It has been shown that in the line-of-sight (LoS) case
considered in this paper, for a ﬁxed transmission power, channel conditions, and noise power,
the TM to be selected depends on the location of entities in the network (Morattab et al., 2015).
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In this paper, we show that there are certain regions in the network where the movement of a
UE does not change the transmission mode for the D2D communication. The set of these re-
gions and the corresponding borders form the mode selection map of the D2D network. This
map can be used by eNB to predetermine and assign the best TM for communication between
D2D UEs without the need to compute the mode selection algorithm periodically. As long
as the entity remains in the region, the mode remains the same. Furthermore, the Mobility
Management Entity (MME) can use the mode selection map to ﬁnd the best policy for verti-
cal handover when the moving entity leaves a region and enters its neighboring regions where
different TM may be computed. Such applications are left for future investigation and are not
discussed further in this paper.
1.1 Related Works
In our previous work, (Morattab et al., 2015), we present a method to deﬁne the optimal pre-
coder and decoders for a D2D enabled network where the entities are equipped with multiple
antennas. Then a mode selection method is applied to ﬁnd the best TM between the paired
UEs. Finally the mode selection map of the network is derived numerically and the results for
both single antenna and multiple antennas scenarios are compared.
In (Doppler et al., 2010), the authors propose a mode selection procedure for resource sharing
with the cellular network in a single and multi-cell environments. That paper presents a mode
selection map which is derived numerically by selecting the TM which produces the highest
rate for the cellular UE at speciﬁc points in the network.
The above methods for the mode selection map calculation are based on numerical results
which are complex, time consuming, and inefﬁcient. The mode selection techniques are ap-
plied to every point in the network. Using numerical methods requires a lot of computing time
and systems memory. Since such methods are for each point, the precision of the map is a
function of the distance between two consecutive points where mode selection algorithm is ap-
plied. Therefore in (Morattab et al., 2016) we introduced the mode selection map for the ﬁrst
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time and developed an analysis of the map for a special case when the cellular UE is moving
in the network and the D2D UEs are static.
1.2 Contributions
To determine a precise mode selection map for a network, in this paper, we extend our ana-
lytical approach in (Morattab et al., 2016) to develop a comprehensive and tractable analytical
framework for two other scenarios where one of the D2D UEs move while other UEs are static.
The main contributions of this paper are summarized as follows:
• The problem of calculating mode selection maps for two different cases where either of the
D2D UEs move while other UEs are static in the network, is treated and solved for the ﬁrst
time;
• Analytical solutions are provided for each case resulting in geographical borders between
disjoint regions.
The remainder of the paper is organized as follows. In Section 1.3, the mathematical model
of the network is presented assuming three different TMs between the D2D UEs. The formu-
lation of overall network throughput is derived in Section 1.4. In Section 1.5, we present the
construction of mode selection maps as well as the analytical approach for two different cases.
In Section 1.6, simulation results for each of the two cases in Section 1.5 are provided. Finally,
the conclusions are formulated in Section 1.7.
1.3 System Model
We consider a single cell D2D enabled cellular network consisting of D2D UEs, a cellular
UE, and an evolved Node-B (eNB). D2D UEs are assumed to wish to communicate with each
other. The D2D UEs could operate in the reuse, dedicated, or cellular modes; the cellular UE’s
TM is limited to the cellular mode in the Uplink (UL) direction. As it is shown in Fig. 1.1,
transmission for D2D UEs is from source UE (UEs) to destination UE (UEd), while the cellular
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UE (UEc) transmits to eNB. It is also assumed that all entities in the network are equipped with
a single antenna.




Figure 1.1 D2D enabled 5G network – LoS pathloss channels
For simplicity a simple path-loss channel model, for an LoS communication between entities,
is assumed. It should be noted that fading effect is not considered in this paper and is left for
future investigation. The channel gain in this case is calculated as follows:
hij =
√
K
dαij
(1.1)
where, dij is the distance between transmitter i and receiver j, where i is either s, c, or e, and j
is either e or d. The subscripts s, c, d, and e stand for UEs, UEc, UEd and eNB respectively. K
is a unitless constant that depends on the antennas characteristics. α is the path loss exponent
which is a function of carrier frequency, environment, obstructions, etc. The values of K and
α are assumed to be the same for all cases.
28
We assume that, in the reuse mode, resources for UEs-UEd transmission are shared with the
UEc-eNB transmission. Therefore, receivers in the network will be affected by the interference
from transmitters as well as the background noise. The interference channel is shown in Fig.
1.1 as red dotted lines. However, when the D2D UEs’ communication is in the dedicated or
cellular modes, half of the resources are assigned to the D2D UEs, and the remainder to the
UEc-eNB.
Based on the above assumptions, the received signal, y, for three different TMs between D2D
UEs is as follows:
yRd =
√
PshsdxRs +
√
PchcdxRc + n
R
d (1.2)
yRe =
√
PchcexRc +
√
PshsexRs + n
R
e (1.3)
yDd =
√
PshsdxDs + n
D
d (1.4)
yDe =
√
PchcexDc + n
D
e (1.5)
yCe1 =
√
PshsexCs + n
C
e (1.6)
yCd =
√
PehedxCe + n
C
d (1.7)
yCe2 =
√
PchcexCc + n
C
e (1.8)
where x is the transmitted signal, n is the white Gaussian noise with spectral density of N0, and
P is the transmitter’s power. In these equations, R, D, and C superscripts represent the reuse,
dedicated, or cellular modes respectively. It should be noted that when the TM of D2D UEs
is cellular, the UEs-UEd transmission breaks into two cascade transmission, i.e. UEs-eNB and
eNB-UEd. In this case the eNB receives two signals, one from the UEs which is yCe1 and the
other from UEc which is yCe2.
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The signals in the reuse mode in (1.2) and (1.3), include three terms. The ﬁrst term represents
the desired signal from the paired entity, the second term is interference from the UEc transmit-
ter, and the last term is noise. However, the received signals in the dedicated or cellular modes,
as presented in (1.4)–(1.8), do not include interference, since the resources are not shared.
In the following section, we formulate the overall throughput, which will be used later to derive
the mode selection map.
1.4 Problem Formulation
We assume that near capacity channel codes are used at transmitters, hence the overall through-
put in the reuse, dedicated, and cellular modes would be almost equal to the overall capacity of
the network for each mode.
RR = log2
(
1+
|hsd |2 Ps
|hcd |2 Pc + N0
)
+ log2
(
1+
|hce |2 Pc
|hse |2 Ps + N0
)
(1.9)
RD =
1
2
(
log2
(
1+
|hsd |2 Ps
N0
)
+ log2
(
1+
|hce |2 Pc
N0
))
(1.10)
RC =
1
4
min
(
log2
(
1+
|hse |2 Ps
N0
)
,log2
(
1+
|hed |2 Pe
N0
))
+
1
2
log2
(
1+
|hce |2 Pc
N0
)
(1.11)
In the above equations we assumed the bandwidth is normalized to one. Therefore, it is not
shown as separate variable. It should be noted that in the reuse mode both ce and sd links reuse
the same frequency resources. However, we assume that for the dedicated and cellular modes,
the ce link uses half of the resources while the remaining half is used by sd and sed links
respectively. The 12 and
1
4 multipliers in (1.9) and (1.10) refer to this fact. It should be noted
that for the sed link, it is assumed that se and ed links use 14 of total frequency resources and
since they are cascaded with encoding at eNB, the total capacity of the sed link is calculated
as the minimum of the capacities of se and ed links as shown in the ﬁrst term of (1.11) on the
right hand of the equation.
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The mode selection map boundaries are found by equating the overall throughput expressions
in (1.9)–(1.11), one by one as follows:
RR = RD (1.12)
RR = RC (1.13)
RD = RC (1.14)
For the mode selection map, depending on which entity moves, three different cases should be
considered. We have already presented an analytical approach in (Morattab et al., 2016) to ﬁnd
the map for the case when UEc moves while UEs and UEd are static. In the following section
we present an analytical approach for the mode selection map using (1.12)–(1.14) for two other
cases in which one of the paired D2D UEs moves while other UEs are static.
1.5 Mode Selection Map
As discussed in previous sections, we assume that transmission power and noise power are
constant. Therefore, the only variables are the distance between network entities. We consider
the following cases to derive the boundary formulations of the mode selection map:
Case I: UEs moves, UEd and UEc are static; Network variables are X = dsd and Y = dse;
Case II: UEd moves, UEs and UEc are static; Network variables are X = dsd, Y = dcd, and
Z = ded.
We will realize in the following subsections that in each of these two cases, (1.12)–(1.14) lead
to equations that different approaches are needed to solve them. As described above, depending
on which case is discussed, each variable represents a different distance in the network. For
example for the case where UEs moves, Y represents dse while when UEd moves, it represents
dcd.
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To simplify our solution to (1.12)–(1.14), we use the following conversions:
x =
1
Xα
(1.15a)
y =
1
Yα
(1.15b)
z =
1
Zα
(1.15c)
Since X , Y , and Z are distances, x,y,z > 0.
In this paper, a solution to (1.12)–(1.14) should produce the following:
• An explicit function that deﬁnes any of the network variables (distances) with respect to the
others;
• Conditions on parameters (Channel State Information (CSI), transmit power, ﬁxed distances,
noise power, and pathloss exponent) for which solutions exist;
• Conditions on variables for which solutions exist;
• An expression which transforms variables to coordinates of the moving UE.
In the following subsections we present solutions for the mode selection map.
1.5.1 Moving UEs
In this subsection we ﬁnd the boundaries of mode selection map for the case when UEs moves,
while UEc and UEd are static. Therefore, as discussed in Section 1.5, the network variables
would be X = dsd and Y = dse as shown in Fig.1.2. Referring to this ﬁgure, the following
triangle inequalities should be satisﬁed:
X +Y ≥ ded (1.16)
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|X −Y | ≤ ded (1.17)
For this case (1.12)–(1.14) are re-written as follows:
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Figure 1.2 Tuple model and distance variables when UEs moves in the network and the
communication channels are modeled as LoS pathloss
RR = log2
(
(1+ a1x)
(
1+
a2
1+ a3y
))
(1.18)
RD =
1
2
log2 ((1+ a2) (1+ a4x)) (1.19)
RC =
1
4
log2
(
(1+ a2)2min (1+ a3y,a5)
)
(1.20)
where:
a1 =
KPs
|hcd |2 Pc + N0
(1.21a)
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a2 =
|hce |2 Pc
N0
(1.21b)
a3 =
KPs
N0
(1.21c)
a4 =
KPs
N0
(1.21d)
a5 = 1+
|hed |2 Pe
N0
(1.21e)
The solution to each equation in (1.12)–(1.14), for the case of moving UEs, requires a different
approach that is going to be discussed in the following subsections.
1.5.1.1 RR = RD
Referring to (1.18) and (1.19):
log2
(
(1+ a1x)
(
1+
a2
1+ a3y
))
=
1
2
log2 ((1+ a2) (1+ a4x)) (1.22)(
(1+ a1x)
(
1+
a2
1+ a3y
))2
= (1+ a2) (1+ a4x) (1.23)
Which can be written as:
f (x,y) = a (x) y2 + b (x) y + c (x) = 0 (1.24)
where:
a(x) =
(
(1+ a1x)2 − (1+ a4x) (1+ a2)
)
a23 (1.25a)
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b(x) = 2
(
(1+ a1x)2 (1+ a2) − (1+ a4x) (1+ a2)
)
a3 (1.25b)
c(x) = (1+ a1x)2 (1+ a2)2 − (1+ a4x) (1+ a2) (1.25c)
The second order function f (x,y) in (1.24) has real roots if:
Δ(x) = b(x)2 − 4a(x)c(x)
= 4 (1+ a2) a22a
2
3 (1+ a1x)
2 (1+ a4x) > 0 (1.26)
It is obvious from (1.26) that Δ(x) is always positive, for all values of x > 0. Therefore the two
real roots of (1.24) are:
y =
−b(x)±√Δ(x)
2a(x)
(1.27)
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Since y > 0, eight different situations are possible for (1.27), depending on the sign of a(x),
b(x), and c(x) as follows:
if b(x) < 0
if c(x) < 0,No positive solution (1.28a)
⎧
⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩ if c(x) > 0, y = −b(x) −√Δ(x)
2a(x)
(1.28b)
if a(x) < 0
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
if b(x) > 0
if c(x) < 0, y =
−b(x)±√Δ(x)
2a(x)
(1.28c)
⎧
⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩ if c(x) > 0, y = −b(x) −√Δ(x)
2a(x)
(1.28d)
if b(x) < 0
if c(x) < 0, y =
−b(x) +√Δ(x)
2a(x)
(1.28e)
⎧
⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩ if c(x) > 0, y = −b(x)±√Δ(x)
2a(x)
(1.28f)
if a(x) > 0
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
if b(x) > 0
if c(x) < 0, y =
−b(x) +√Δ(x)
2a(x)
(1.28g)
⎧
⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩ if c(x) > 0,No positive solution (1.28h)
To choose the proper solution among eight possible choices in (1.28a)–(1.28h), we should ﬁnd
the sign of a(x), b(x), and c(x) for different values of X (or x). The results for the sign of
a(x) is summarized as follows:
• for 0 < X < X1, a(x) > 0
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• for X1 < X , a(x) < 0
where:
X1 = α
√√ 2aa
−ba +
√
b2a +4aaca
(1.29a)
aa = a21 (1.29b)
ba = 2a1 − a2a4 − a4 (1.29c)
ca = a2 (1.29d)
and for the sign of b(x):
• if a4 > 2a2,
– for 0 < X < X2, b(x) < 0
– for X2 < X , b(x) > 0
• if a4 < 2a2, for all 0 < X , b(x) > 0
where:
X2 =
α
√
a21
a4 − 2a1 (1.30)
and ﬁnally for the sign of c(x):
• if Δc < 0, for 0 < X , c(x) > 0
• if Δc > 0,
– if bc < 0,
∗ for 0 < X < X3, c(x) > 0
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∗ for X3 < X < X4, c < 0
∗ for X4 < X , c(x) > 0
– if bc > 0, for 0 < X , c(x) > 0
where:
X3 =
2ac
−bc +
√
Δc
(1.31a)
X4 =
2ac
−bc −
√
Δc
(1.31b)
Δc = b2c − 4accc (1.31c)
ac = a21(1+ a2) (1.31d)
bc = 2a1 − 2a1a2 − a4 (1.31e)
cc = a2 (1.31f)
As discussed earlier, the triangle inequalities that should be satisﬁed are (1.16) and (1.17).
The solution boundaries would be symmetric to the line which passes through eNB and UEd.
To ﬁnd coordinates of UEs, i.e. (Xs,Ys), where (1.24) is satisﬁed, we apply the following
conversion:
Xs = −
X2 −Y 2 − d2ed
2ded
Xd
ded
∓
√
Y 2 −
⎛
⎜
⎜⎝X2 −Y 2 − d2ed2ded
⎞
⎟
⎟⎠2 Ydded (1.32a)
Ys = ±
√
Y 2 −
⎛
⎜
⎜⎝X2 −Y 2 − d2ed2ded
⎞
⎟
⎟⎠2 Xdded + X
2 −Y 2 − d2ed
2ded
Yd
ded
(1.32b)
In the next subsection we discuss the solution for (1.13), when UEs moves.
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1.5.1.2 RR = RC
We develop this equation referring to (1.18) and (1.20) as follows:
log2
(
(1+ a1x)
(
1+
a2
1+ a3y
))
=
1
4
log2
(
(1+ a2)2min (1+ a3y,a5)
)
(1.33)
(
(1+ a1x)
(
1+
a2
1+ a3y
))4
= (1+ a2)2min (1+ a3y,a5) (1.34)
The min(.) function is a piecewise function which operates as follows:
1+ a3y,for 0 < y < y1 (1.35a)
min (1+ a3y,a5) =
⎧
⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩ a5 ,for y1 < y (1.35b)
where:
y1 =
a5 − 1
a3
(1.36)
If (1.35a) is the case, (1.34) becomes:
(
(1+ a1x)
(
1+
a2
1+ a3y
))4
= (1+ a2)2 (1+ a3y) (1.37)
Then the solution to the above equation is as follows:
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x =
1
a1
⎛
⎜
⎜
⎜
⎜
⎜⎝
4
√
(1+ a2)2 (1+ a3y)5
1+ a2 + a3y
− 1
⎞
⎟
⎟
⎟
⎟
⎟⎠ (1.38)
If (1.35b) is the case, (1.34) would be developed as:
(
(1+ a1x)
(
1+
a2
1+ a3y
))4
= (1+ a2)2 a5 (1.39)
Then the solution to above equation would be as follows:
x =
1
a1
((
4
√
(1+ a2)2 a5
) (
1+ a3y
1+ a2 + a3y
)
− 1
)
(1.40)
To have both solutions in (1.38) and (1.40) valid, the x > 0 condition should be satisﬁed.
Applying this inequality on (1.38) produces:
1
a1
⎛
⎜
⎜
⎜
⎜
⎜⎝
4
√
(1+ a2)2 (1+ a3y)5
1+ a2 + a3y
− 1
⎞
⎟
⎟
⎟
⎟
⎟⎠ > 0 (1.41)
which leads to the following:
f (t) =
(1+ a2)2 t5
(a2 + t)4
> 1 (1.42)
where:
t = 1+ a3y (1.43a)
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Generally y can change between 0 and ∞, therefore t from (1.43a) correspondingly changes
between 1 and∞. To analyze the behavior of f (t) for t > 1 we ﬁnd its derivative as follows:
f ′(t) =
(1+ a2)2(5a2t4 + t5)
(a2 + t)5
(1.44a)
As could be seen f ′(t) is positive for t > 1, therefore f (t) is strictly increasing for t > 1.
Moreover referring to (1.42), f (1) = 1(1+a2)2 < 1 and limt→∞ f (t) =∞. From intermediate value
theorem since f (t) is continuous for t ∈ [1,∞), there is a t = t0 > 1 such that f (t0) = 1, and since
f (t) is strictly increasing, t0 is unique. For t0 < t, f (t) > 1 and therefore (1.42) is satisﬁed. We
can calculate t0 by solving f (t) = 1 numerically using methods such as Newton-Raphson.
We call y0 as the corresponding value of y for t0. The summary of sign determination for the
solution x in (1.38), for y > 0, is presented as follows:
• if y0 < y1,
– for 0 < y < y0, x < 0
– for y0 < y < y1, x > 0
• if y1 < y0, for 0 < y < y1, x < 0
As shown above, only for values of y0 < y < y1, x > 0 is satisﬁed.
Applying this condition on (1.40) we have the following :
1
a1
((
4
√
(1+ a2)2 a5
) (
1+ a3y
1+ a2 + a3y
)
− 1
)
> 0 (1.45)
y > y2 (1.46)
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where:
y2 =
1
a3
⎛
⎜
⎜
⎜
⎜
⎜⎝ a24√a5 (1+ a2)2 − 1 − 1
⎞
⎟
⎟
⎟
⎟
⎟⎠ (1.47)
Signs for the solution x in (1.40), for y > 0, is summarized as follows:
• if y2 < 0, for y1 < y, x > 0
• if 0 < y2,
– if y2 < y1, for y1 < y, x > 0
– if y1 < y2,
∗ for y1 < y < y2, x < 0
∗ for y2 < y, x > 0
Similar to the results in Section 1.5.1.1, the solution boundaries would be symmetric to the
line passing through eNB and UEd. To ﬁnd (Xs,Ys) coordinates, we apply (1.32a) and (1.32b)
conversions X and Y that satisfy the triangle inequalities.
1.5.1.3 RD = RC
Following this equation using (1.19) and (1.20):
1
2
log2 ((1+ a2)(1+ a4x)) =
1
4
log2
(
(1+ a2)2min (1+ a3y,a5)
)
(1.48)
x =
1
a4
(√
min (1+ a3y,a5) − 1
)
(1.49)
The min(.) function in (1.49) is represented as follows:
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1+ a3y,for 0 < y < y1 (1.50a)
min (1+ a3y,a5) =
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩ a5 ,for y1 < y (1.50b)
where:
y1 =
a5 − 1
a3
(1.51)
The solution to (1.49) is summarized as follows:
for 0 < y < y1 , x =
√
1+ a3y − 1
a4
(1.52a)
for y1 < y , x =
√
a5 − 1
a4
(1.52b)
Like the results achieved in Section 1.5.1.1 and 1.5.1.2, here also the solution boundaries would
be symmetric to the line which passes through eNB and UEd. To ﬁnd (Xs,Ys) coordinates, we
apply (1.32a) and (1.32b) on achieved X and Y that satisfy the triangle inequalities.
1.5.2 Moving UEd
In this subsection we ﬁnd the boundaries of mode selection map for the case when UEd moves,
while UEc and UEs are static. Unlike the cases presented in (Morattab et al., 2016) and 1.5.1,
where there were two distance variables in (1.12)–(1.14), here three distance variables as shown
in Fig.1.3 will appear. These variables, as discussed earlier in Section (1.5), are X = dsd,
Y = dcd, and Z = ded and due to the following relations, they are not independent from each
other:
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if |XsYc − XcYs |  0,Z =
√
−B′(X,Y )±
√
B′(X,Y )2 − 4A′C′(X,Y )
2A′
(1.53a)
if |XsYc − XcYs | = 0,Z =
√
Yc
(
X2 − d2se
)
−Ys
(
Y 2 − d2ce
)
Yc −Ys (1.53b)
where for (1.53a), we have:
A′ = d2cs (1.54a)
B′(X,Y ) = −
((
d2cs + d
2
ce − d2se
)
X2 +
(
d2cs + d
2
se − d2ce
)
Y 2 − 4d2sed2ce
−
(
d2cs −
(
d2se + d
2
ce
)) (
d2se + d
2
ce
)
+4 (XsYc − XcYs)2
)
(1.54b)
C′(X,Y ) = d2ceX4 −
(
d2cs + d
2
se − d2ce
)
d2ceX
2 +
(
d2cs −
(
d2se + d
2
ce
))
X2Y 2
+ d2seY
4 −
(
d2cs + d
2
ce − d2se
)
d2seY
2 + d2ced
2
sed
2
cs (1.54c)
Referring to Fig.(1.3), the following triangle inequalities should be satisﬁed between X , Y , and
Z:
X +Y ≥ dcs (1.55)
|X −Y | ≤ dcs (1.56)
X + Z ≥ dse (1.57)
|X − Z | ≤ dse (1.58)
Similar to the previous cases, (1.12)–(1.14) can be represented as follows:
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Figure 1.3 Tuple model and distance variables when UEd moves in the network and the
communication channels are modeled as LoS pathloss
RR = log2
((
1+
a1x
1+ a2y
)
a′3
)
(1.59)
RD =
1
2
log2
(
(1+ a1x) a′′3
)
(1.60)
RC =
1
2
log2
(
a′′3
)
+
1
4
log2 (min (a4,1+ a5z)) (1.61)
where:
a1 =
KPs
N0
(1.62a)
a2 =
KPc
N0
(1.62b)
a3 =
a′3
2
a′′3
(1.62c)
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a′3 = 1+
|hce |2 Pc
|hse |2 Ps + N0
(1.62d)
a′′3 = 1+
|hce |2 Pc
N0
(1.62e)
a4 = 1+
|hse |2 Ps
N0
(1.62f)
a5 =
KPe
N0
(1.62g)
and x, y, and z are deﬁned as in (1.15a)–(1.15c) respectively.
Referring to (1.59) and (1.61), note that in order to solve (1.13), all three variables appear in
the equation, while (1.12) and (1.14) includes just two of variables. This causes more complex
solution for the former equation.
In the following three parts solution to the mode selection map boundaries is determined.
1.5.2.1 RR = RD
Represent this equation as follows:
log2
((
1+
a1x
1+ a2y
)
a′3
)
=
1
2
log2
(
(1+ a1x) a′′3
)
(1.63)
(
1+
a1x
1+ a2y
)2
a3 = (1+ a1x) (1.64)
Solving for the unknowns, (1.64) leads to ﬁnd the roots of a second order equation as follows:
f (x,y) = a(x)y2 + b(x)y + c(x) = 0 (1.65)
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where:
a(x) = a22 (a3 − (1+ a1x)) (1.66a)
b(x) = 2 (a2 (1+ a1x) (a3 − 1)) (1.66b)
c(x) = (1+ a1x) ((1+ a1x) a3 − 1) (1.66c)
The second order equation in (1.65) has a solution if the following condition is satisﬁed:
Δ(x) = 4a21a
2
2a3x
2 (1+ a1x) > 0 (1.67)
which is always true for x > 0.
To ﬁnd the positive solution to the second order equation in (1.65), the same conditions pre-
sented in (1.28a)–(1.28h) is applied.
To ﬁnd the sign of a(x) as presented in (1.66a), note the following:
• if 1 < a3,
– for 0 < X < X1, a(x) < 0
– for X1 < X , a(x) > 0
• if a3 < 1, for X > 0, a(x) < 0
where:
X1 = α
√
a1
a3 − 1 (1.68)
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For the sign of b(x):
• if 1 < a3, for X > 0, b(x) > 0
• if a3 < 1, for X > 0, b(x) < 0
For the sign of c(x):
• if a3 > 1, for X > 0, c(x) > 0
• if a3 < 1,
– for 0 < X < X2 , c(x) > 0
– for X2 < X , c(x) < 0
where:
X2 = α
√
a1a3
1− a3 (1.69)
The solution boundaries would be symmetric to the line passing through UEc and UEs. To ﬁnd
coordinates UEd, i.e. (Xd,Yd), where (1.65) is satisﬁed, apply the following conversion of X
and Y that satisfy the triangle inequalities presented in (1.55) and (1.56):
Xd = −X
2 −Y 2 − d2cs
2dcs
Xs
dcs
∓
√
Y 2 −
(
X2 −Y 2 − d2cs
2dcs
)2 Ys
dcs
+ Xc (1.70a)
Yd = ±
√
Y 2 −
(
X2 −Y 2 − d2cs
2dcs
)2 Xs
dcs
+
X2 −Y 2 − d2cs
2dcs
Ys
dcs
+Yc (1.70b)
In the next subsection we discuss the solution to (1.13), for the case when UEd moves.
1.5.2.2 RR = RC
Referring to (1.59) and (1.61):
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log2
((
1+
a1x
1+ a2y
)
a′3
)
=
1
2
log2(a
′′
3 ) +
1
4
log2 (min (a4,1+ a5z)) (1.71)(
1+
a1x
1+ a2y
)4
a23 =min (a4,1+ a5z) (1.72)
Here, three distance variables exist, unlike (1.48) and (1.49), where just two were present.
Continue our as follows:
a1x
1+ a2y
= 4
√
min (a4,1+ a5z)
a23
− 1 (1.73)
Then we deﬁne a′3(z) as:
a′3(z) = 4
√
min (a4,1+ a5z)
a23
− 1 (1.74)
4
√
a4
a23
− 1 ,for 0 < Z < Z1 (1.75a)
=
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ 4
√
1+ a5z
a23
− 1 ,for Z1 < Z (1.75b)
where:
Z1 = α
√
a5
a4 − 1 (1.76)
Referring to (1.73), since the left hand side is always positive, a′3(z) should also be positive.
Otherwise, there would be no solution for the equation. Applying this condition on (1.75a):
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a23 < a4 (1.77)
and on (1.75b):
z >
a23 − 1
a5
(1.78)
Using (1.15c), the condition in (1.78) becomes:
• if 0 < a3 < 1, Z > 0
• if 1 < a3, Z < Z2
where:
Z2 = α
√
a5
a23 − 1
(1.79)
As discussed above, for 1 < a3, in order for (1.75b) to be positive, Z < Z2 should be satisﬁed.
On the other hand, the following condition should be satisﬁed:
Z1 < Z2 (1.80a)
⇒ α
√
a5
a4 − 1 <
α
√
a5
a23 − 1
(1.80b)
⇒ a23 < a4 (1.80c)
Combining the results in (1.74), (1.75a), and (1.75b) and the results for positive a′3(z) above
produces:
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a′3(z)
if 0 < a23 < 1 (1.81a)
4
√
a4
a23
− 1 ,for 0 < Z < Z1 (1.81b)
4
√
1+ a5z
a23
− 1,for Z1 < Z (1.81c)
=
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
if 1 < a23 < a4 (1.81d)
4
√
a4
a23
− 1 ,for 0 < Z < Z1 (1.81e)
4
√
1+ a5z
a23
− 1,for Z1 < Z < Z2 (1.81f)
It should be noted that according to (1.77) and (1.78), (1.73) have solution only if a23 < a4.
Using the calculations above, the solution which depends on the values of parameters and the
interval to which Z belongs, is as follows:
if 0 < a3 < 1
y =
1
a2
⎛
⎜
⎜
⎜
⎜
⎜⎝ a1x4√ a4
a23
− 1
− 1
⎞
⎟
⎟
⎟
⎟
⎟⎠ ,for 0 < Z < Z1 (1.82a)
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ a1x1+ a2y = 4
√
(1+ a5z)
a23
− 1,for Z1 < Z (1.82b)
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if 1 < a3 <
√
a4
y =
1
a2
⎛
⎜
⎜
⎜
⎜
⎜⎝ a1x4√ a4
a23
− 1
− 1
⎞
⎟
⎟
⎟
⎟
⎟⎠ ,for 0 < Z < Z1 (1.82c)
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ a1x1+ a2y = 4
√
(1+ a5z)
a23
− 1,for Z1 < Z < Z2 (1.82d)
The solution provided in (1.82a) and (1.82c) is straightforward, since y is a linear function of
x. However it should be noted that only the values of X and Y which leads to Z such that
0 < Z < Z1 are acceptable. For this (1.53a) or (1.53b) are used to ﬁnd the values of Z .
To solve (1.82b) and (1.82d), we develop the following equation to ﬁnd Z as a function of X
and Y as follows:
Z = α
√
A′′(X )Y 4α + B′′(X )Y 3α +C′′(X )Y 2α +D′′(X )Yα +E′′(X )
F′′(X )Y 4α +G′′(X )Y 3α +H′′(X )Y 2α + I′′(X )Yα + J′′(X )
(1.83)
where:
A′′(X ) = a5X4α (1.84a)
B′′(X ) = 4a2a5X4α (1.84b)
C′′(X ) = 6a22a5X
4α (1.84c)
D′′(X ) = 4a32a5X
4α (1.84d)
E′′(X ) = a2a5X4α (1.84e)
F′′(X ) = a3
(
Xα + a1
)4 − X4α (1.84f)
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G′′(X ) = 4a2
(
a23
(
Xα + a1
)3 − X3α) Xα (1.84g)
H′′(X ) = 6a22
(
a23
(
Xα + a1
)2 − X2α) X2α (1.84h)
I′′(X ) = 4a32
(
a23
(
Xα + a1
) − Xα) X3α (1.84i)
J′′(X ) = a2
(
a23 − 1
)
X4α (1.84j)
By equating (1.83) and (1.53a) or (1.83) and (1.53b) separately, the following solutions are
achieved for Z1 < Z < Z2:
if |XsYc − XcYs |  0,
α
√
A′′(X )Y 4α + B′′(X )Y 3α +C′′(X )Y 2α +D′′(X )Y α +E′′(X )
F′′(X )Y 4α +G′′(X )Y 3α +H′′(X )Y 2α + I′′(X )Yα + J′′(X )
=
√
−B′(X,Y )±
√
B′(X,Y )2 − 4A′C′(X,Y )
2A′
(1.85a)
if |XsYc − XcYs | = 0,
α
√
A′′(X )Y 4α + B′′(X )Y 3α +C′′(X )Y 2α +D′′(X )Y α +E′′(X )
F′′(X )Y 4α +G′′(X )Y 3α +H′′(X )Y 2α + I′′(X )Yα + J′′(X )
=
√
Yc
(
X2 − d2se
)
−Ys
(
Y 2 − d2ce
)
Yc −Ys (1.85b)
Finding close form solutions, which produces Y as a function of X from the above is not
followed in this paper. Therefore, the solution is obtained numerically using Newton-Raphson
method. It should be noted that the resulting X and Y are only acceptable if they satisfy Z1 < Z
when 0 < a3 < 1 and Z1 < Z < Z2 when 1 < a3 <
√
a4. Having X and Y , (1.53a) or (1.53b) are
used to ﬁnd Z .
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To ﬁnd the mode selection map boundaries, apply (1.70a) and (1.70b) to convert accepted X
and Y which satisfy the triangle inequalities in (1.55) and (1.56) to (Xd,Yd) coordinates.
It should be noted that since Z , which is a function of X and Y , limits the solutions to (1.82a)–
(1.82d), the resulting mode selection map boundaries would not be generally symmetric.
1.5.2.3 RD = RC
Referring to (1.60) and (1.61):
1
2
log2 (1+ a1x) =
1
4
log2 (min (a4,1+ a5z)) (1.86)
(1+ a1x)2 =min (a4,1+ a5z) (1.87)
The solution to (1.87) is straightforward, since the min(.) could be broken into a piecewise
function as follows:
1+ a5z,for 0 < z < z1 (1.88a)
min (a4,1+ a5z) =
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩ a4 ,for z1 < z (1.88b)
where:
z1 =
a4 − 1
a5
(1.89)
and the solution is:
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α
√
a1√
a4 − 1 ,for 0 < Z < Z1 (1.90a)
X =
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ α√ a1√1+ a5Z−α − 1 ,for Z1 < Z (1.90b)
where Z1 is determined by converting z1 using (1.15c).
To ﬁnd the mode selection map boundaries, apply the following conversions on the solution
pair X and Z that satisfy the triangle inequalities in (1.57) and (1.58) to determine the (Xd,Yd)
coordinates:
Xd = −X
2 − Z2 − d2se
2dse
Xs
dse
∓
√
Z2 −
(
X2 − Z2 − d2se
2dse
)2 Ys
dse
(1.91a)
Yd = ±
√
Z2 −
(
X2 − Z2 − d2se
2dse
)2 Xs
dse
+
X2 − Z2 − d2se
2dse
Ys
dse
(1.91b)
It should be noted that since the solution just includes x and z variables, the mode selection
boundaries would be symmetric to the line passing through eNB and UEs.
1.6 Numerical Results
To illustrate the application of the approach in Section 1.5, we present the mode selection
map of the D2D enabled network showed in Fig. 1.1. Then to validate the results from that
approach, we apply a point-to-point mode selection map derivation. We divide the area of
the network into a matrix of points where the vertical and horizontal distances between two
neighbor points is 25m. We place the moving UE at each point and take the same ais as used
for analytical approach simulations. Then to ﬁnd the overall throughput of the network for all
three modes at that point, we use (1.18)–(1.20) for moving UEs, and (1.59)–(1.61) for moving
UEd. Finally, the mode that gives the highest overall throughput is assigned to that speciﬁc
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point. For simplicity we assign red, yellow, and green for reuse, dedicated, and cellular modes
respectively. We apply this procedure for all the points in the area of the network.
We assume that UEs and eNB have ﬁxed power and use a single antenna for their communi-
cation. Moreover, as discussed earlier, the communication channel between any two entities
is modeled as a LoS path-loss channel. The parameters of our simulation are summarized in
Table 1.1. For the two different cases presented in Section 1.5, results are presented separately
as follows:
Table 1.1 Simulation parameters for mode selection map derivation in LoS pathloss
channel
Parameter Value
Cell radius: rC 3 km
UEc’s position: (Xc,Yc) (−1000,1000)
UEs’s position: (Xs,Ys) (250,1500)
UEd’s position: (Xd,Yd) (1500,250)
UE’s maximum power: Pc, Ps, Pd 23dBm
eNB’s maximum power: Pe 46dBm
Pathloss exponent: α 3 (for urban areas)
1.6.1 Moving UEs
Relying on the results from Section 1.5.1 for the mode selection map for (1.12)–(1.14) in the
moving UEs case, using the values from Table 1.1, the simulation results are shown in Fig.
1.4a and Fig. 1.5.
Fig. 1.4a shows the equi-rate boundaries derived analytically as discussed in Section 1.5.1
when UEs is moving in the network. As could be seen the boundaries divide the area of the
network into disjoint regions. To ﬁnd the map using the analytically derived boundaries, we
take an arbitrary point in each disjoint region and ﬁnd the mode which gives the highest overall
throughput there, then we assign all points in that speciﬁc region to the same mode. The
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result of this approach is shown in Fig. 1.4b. In this ﬁgure, the red, green, and yellow zones
represent regions where the reuse, cellular, and dedicated modes produces the highest overall
throughput respectively. For example if UEs is located in the yellow region and remains there
while moving, the selected TM for the D2D UE pair would be the dedicated. Finally Fig.
1.4c, shows the resulted map using the point-to-point approach discussed earlier. As could
be seen the map derived analytically is the same as the one achieved using the point to point
method. However using the analytical method, the resulted map is more precise, and it takes
less processing time to achieve it.
To check the validity of the resulted equi-rate boundaries using the analytical method in the
case when UEs moves in the network, they are compared with simulation results from the
point-to-point method as shown in Fig. 1.5. As could be seen the equi-rate boundaries derived
analytically matches the boundaries found using the point-to-point method.
1.6.2 Moving UEd
In this subsection we present results relying on the approach from Section 1.5.2 that deﬁnes
the mode selection map for each case related to (1.12)–(1.14) when UEd moves. The values
from Table 1.1 are applied. The simulation results are shown in Fig. 1.6 and Fig. 1.7.
Fig. 1.6a shows the equi-rate boundaries derived analytically as presented in Section 1.5.1. As
discussed earlier in 1.5.2, the boundary curves are only symmetric for (1.12) and (1.14), while
for (1.13) since generally three different dependent distance variables appear in the equations
the result is asymmetric. We use the same techniques as discussed in Section 1.6.1, to achieve
the analytically derived mode selection map as shown in Fig. 1.6b, as well as ﬁnding the mode
selection map using the point-to-point method as shown in Fig. 1.6c. In this case also the
point-to-point simulation map validates our analytically derived map.
Again to check the validity of the resulted equi-rate boundaries using the analytical method in
the case when UEd moves in the network, they are compared with simulation results from the
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a) Equirate boundaries derived analytically
b) Mode selection map derived analytically c) Mode selection map derived using the
point-to-point method
Figure 1.4 Mode selection map and its boundaries when UEs moves in the network and
the communication channels are modeled as LoS pathloss
point-to-point method as shown in Fig. 1.7. As could be seen the equi-rate boundaries derived
analytically matches the boundaries found using the point-to-point method.
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a) Analytically b) Point-to-point RR = RD
c) Point-to-point RR = RC d) Point-to-point RD = RC
Figure 1.5 Comparison of equirate boundaries derived analytically and from
point-to-point simulation approaches, when UEs moves in the network and the
communication channels are modeled as LoS pathloss
1.7 Conclusion
In this work, we propose an analytical solution for determining the mode selection map in sin-
gle cell D2D enabled 5G network consisting of a D2D UE pair, one cellular UE, and one eNB.
While the cellular UE communicates with eNB in UL, D2D UEs select their TM among the
reuse, dedicated, and cellular modes by choosing the one which results in the highest overall
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a) Equirate boundaries derived analytically
b) Mode selection map derived analytically c) Mode selection map derived using the
point-to-point method
Figure 1.6 Mode selection map and its boundaries when UEd moves in the network and
the communication channels are modeled as LoS pathloss
throughput for the network. We show that for ﬁxed transmission and noise powers in an LoS
channel, the optimal mode for communication between D2D UEs, depends on each UE’s lo-
cation. Moreover, we ﬁnd that there are disjoint regions in the network where if a moving UE
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a) Analytically b) Point-to-point RR = RD
c) Point-to-point RR = RD d) Point-to-point RR = RD
Figure 1.7 Comparison of equirate boundaries derived analytically and from
point-to-point simulation approaches, when UEd moves in the network and the
communication channels are modeled as LoS pathloss
stays inside that region, the TM mode between D2D UEs will not change. We realized that
depending on which UE moves in the network there are three different cases to formulate the
mode selection map problem where two of them have been discussed in this paper. Using ana-
lytical approaches for each case, we ﬁnd a set of geometrical functions which explicitly deﬁne
the mode selection map. Using the results from the analysis we develop simulation scenarios
for each case and we realize that there are certain regions deﬁned by equirate boundaries where
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if UEs or UEd is located within those boundaries, there would be an optimal mode for commu-
nications. To verify our proposed our analytical map derivation, we propose a point-to-point
mode selection map derivation to ﬁnd the map of the network. We realized that the boundaries
deﬁned by these maps matches the boundaries derived analytically.
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Abstract
The number of mobile devices are increasing drastically each year and users demand for higher
data rates grows exponentially. Device-to-Device (D2D) transmission is one of the promising
features that is proposed for 5G networks to provide users with higher data rate and better
Quality of Service (QoS). This technique enables direct transmission between User Equipment
(UE) in addition to the traditional cellular transmission. Paired UEs select among the reuse,
dedicated, and cellular modes taking into account the overall network throughput as selection
criteria. In this work, we extend our ﬁnding to derive the mode selection map while the com-
munication channel between each two entity is modeled using a line of sight (LoS) path loss
model, to the case where the communication channel is experiencing both shadowing and fast
fading. A simple network with two D2D UEs and one cellular UE in transmission with an
evolved Node-B (eNB) is considered. It is assumed that the cellular UE could move in the
network and it is in uplink transmission with eNB while the D2D UEs are static. Our approach
leads to ﬁnding the boundaries which deﬁne the mode selection map of the network. The shape
of these boundaries are dependent upon the transmission power of UEs and eNB, the location
of static UEs, and the standard deviation of fading and shadowing variables. Our simulations
verify the results of the mode selection map derivation using the proposed approach.
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Introduction
The ever-increasing mobile trafﬁc in recent years has induced service providers and telecom-
munications industries to ﬁnd and develop new techniques and designs to provide higher data
rates with guaranteed Quality-of-Service (QoS) at lower prices (CISCO, 2015) for their cus-
tomers in their everyday cellular communications. This has provoked the introduction of the
ﬁfth generation (5G) networks which are expected to provide much higher data rates with less
latency (Andrews et al., 2014). Device-to-Device (D2D) transmission is one of the features
proposed for the 5G and beyond networks that enables D2D User Equipment (UE) communi-
cate directly with each other without unnecessary routing of trafﬁc through the network infras-
tructure (Doppler et al., 2009, 2011, 2010; Janis et al., 2009), and which results in higher data
rates, less power consumption, and less latency (Asadi et al., 2014; Mumtaz and Rodriguez,
2014; Song et al., 2015; Panagopoulos, 2015).
In addition to the traditional cellular mode, potential D2D UEs are free to select two addi-
tional transmission modes (TMs) which enables direct communication between them, the ded-
icated mode and the reuse mode (Song et al., 2015; Feng et al., 2015; Panagopoulos, 2015;
Wang and Tang, 2016). In the reuse mode, D2D UEs reuse the same resources as cellular
transmission, while in the dedicated mode, D2D UEs transmit data by the orthogonal resource
to the regular cellular UE. Thus in the reuse mode interference is arising and in the dedicated
mode interference is avoided. In the cellular mode, D2D UEs are treated as cellular UEs where
the transmission between them is through the eNB. In order to start communication, D2D UEs
should decide among the three different TMs (Doppler et al., 2010; Liu et al., 2012c; Song
et al., 2015; Feng et al., 2015; Panagopoulos, 2015; Wang and Tang, 2016; Huang et al., 2016),
or they could also apply a mixed mode mechanism in which each D2D link can utilize multiple
modes through mode switching or resource multiplexing (Feng et al., 2015; Tang and Ding,
2016). Such a decision process is called mode selection.
The TM selection, is made periodically based on a speciﬁc criterion, such as the overall
throughput of the network. In other words, the TM which results in the highest throughput
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is selected. It has been shown that for a ﬁxed transmission power, fading conditions, and noise
power, the TM to be selected depends on the location of entities in the network (Morattab
et al., 2015, 2016), that is to say there are certain network geographical regions in which the
best TM for D2D UEs’ communication is the same, in spite of movement of one entity inside
any particular region, while other entities are static. The set of these regions and the borders
between them form the mode selection map of the D2D enabled network. This map can be
used by eNB to assign the best TM for the communication between D2D UEs without apply-
ing the mode selection algorithm periodically. As long as the moving entity does not leave its
region, the selected mode remains the same (Morattab et al., 2016). Furthermore, the Mobility
Management Entity (MME) can use the mode selection map to ﬁnd the best policy for verti-
cal handover when the moving entity leaves its ﬁrst region and enters its neighboring regions
where a different TM may be assigned. Such applications is left for future works and it is not
discussed here.
Due to multi-path propagation and shadowing from obstacles affecting the wave propagation,
the communication channels in wireless networks usually experience fading effects (Rappaport
et al., 1996; Tse and Viswanath, 2005). Being wireless, D2D transmission is not an exception to
fading, therefore to have a reliable modeling and solid results, the fading effect should be taken
into account (Li et al., 2013; Feng et al., 2013; Peng et al., 2014; Cotton, 2015, 2016) whether
for mode selection (Li et al., 2013), performance analysis (Li et al., 2013; Peng et al., 2014),
channel modeling (Cotton, 2015, 2016), or resource allocation (Wang et al., 2011; Feng et al.,
2013). Likewise a new approach to derive the mode selection map considering the presence
of fading effect, for the communication channels between each two entities, is required. Since
the statistics of random variables which represent fading would not change for a long time,
the resulting map could be used in applications such as mode selection, resource allocation,
mobility management and handover. Such approach is the subject of this work where we
provide a framework to derive the mode selection map of the network when fading is present.
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2.1 Related Works
The idea of having a mode selection map have been implicitly discussed for the ﬁrst time in
(Doppler et al., 2010) where a mode selection procedure in a single cell and then multi-cell
environments is proposed. The map is derived numerically by optimizing for all possible TMs
and selecting the one that gives the highest throughput for a given location of the cellular UE.
In our previous work, (Morattab et al., 2015), we extended the mode selection procedure in
(Doppler et al., 2010) assuming the UEs and eNB can use Multiple-Input-Multiple-Output
(MIMO) precoding. We present a method to optimally design MIMO precoders and decoders
at each transmitter and receiver respectively, to reach the highest possible overall throughput
for different TMs. Our results in that work shows higher gain and efﬁciency compared to
(Doppler et al., 2010). Derivation of the mode selection map of the network numerically using
the same point-to-point technique shows that using MIMO, the area where the dedicated and
reuse modes reach the highest throughput is larger than in SISO scenarios.
The mode selection maps in (Doppler et al., 2010; Morattab et al., 2015) are derived numer-
ically by applying a point-to-point procedure which is imprecise, complex, time consuming,
and inefﬁcient. Using such methods consumes a lot of execution time and systems memory.
Since, such methods are point based, the precision of resulting map is a function of the dis-
tance between two consecutive points where mode selection algorithm is applied. To deal with
these issues we presented in (Morattab et al., 2016), an analytical approach to ﬁnd the mode
selection map for the case where the cellular UE moves in the network and the D2D UEs are
static. For simplicity a line of sight (LoS) path-loss model is considered for the communica-
tion channel between each two entities with no fading presence. We showed that the resulting
geometrical functions presented in the paper could trace the mode selection map precisely for
each arbitrary position of the UEs in the network.
In a recent work in (Xu et al., 2016), the authors provide theoretical analysis of D2D mode
selection with user mobility. Although the authors do not explicitly present a mode selection
map derivation method, they deﬁne a region where its border is computed by equating the
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Received Signal Strength (RSS) of the cellular and reuse modes. In that work TM between the
D2D UEs is changed whenever one of the UEs exits a speciﬁc region. Although the authors
presented an analytical method to reach the equi-RSS boundaries, no solution was proposed to
derive the mode selection map. Except presenting a circular region as the approximation of the
analysis. Moreover the fading effect is missing in their problem modeling and calculations.
2.2 Contributions
In this work, we present a comprehensive approach to ﬁnd the mode selection map for a net-
work over fading channel. Then this approach is used to ﬁnd the detailed mode selection maps
for the case where cellular UE moves and the D2D UEs are static. The main contributions of
this paper are summarized as follows:
• In this paper, to the best of our knowledge, the problem of calculating mode selection map
over a fading channel is presented for the ﬁrst time;
• We provide an algorithm which uses probabilistic functions to capture shadowing and fast
fading to determine the geographical boundaries between disjoint regions where a speciﬁc
mode is selected.
The remainder of the work is organized as follows. In Section 2.3, the mathematical model
of the network is presented assuming three different TMs between the D2D UEs. The model
for calculation of the overall network throughput is derived in Section 2.4. In Section 2.5, we
present the construction of the mode selection maps as well as the solution approach for the
case when cellular UE moves in the network while the D2D UEs are static. In Section 2.6, the
simulation and validation results for the case presented in Section 2.5 is provided. Finally, the
conclusions are formulated in Section 2.7.
2.3 System Model
We consider a single cell D2D enabled cellular network consisting of two D2D UEs, a cellular
UE, and an evolved Node-B (eNB). D2D UEs are either communicating with each other or
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they are about to start their communication. While the D2D UEs could operate in the reuse,
dedicated, and cellular modes, the cellular UE transmission is limited to the cellular mode in
Uplink (UL). As it is shown in Fig. 2.1, the transmission for D2D UEs is from source UE
(UEs) to destination UE (UEd), while the cellular UE (UEc) transmits data to eNB. It is also
assumed that all entities in the network are equipped with a single antenna.
Figure 2.1 D2D enabled 5G network – fading channels
The communication channel between each two entities in the network, is modeled as a quasi-
static Rayleigh frequency-ﬂat fading channel as in (Sklar, 1997):
hij =
√
c/dαij
√
Sijzij (2.1)
where, hij is the channel gain between transmitter i and receiver j, where i is either s, c, or e,
and j is either e or d. The subscripts s, c, d, and e stand for UEs, UEc, and UEd, and eNB
respectively. dij is the distance between the same transmitter and receiver as for hij, α is the
pathloss exponent, and c is the propagation constant. Sij = 10sij/10 is a log-normal shadow
fading variable, where sij is a zero mean Gaussian random variable with standard deviation
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σs. zij represents the fast fading characteristic of the channel and it is modeled as a complex
Gaussian random variable with standard deviation σz.
For simplicity, we deﬁne the following random variable:
Kij = c.Sij.



zij



2
(2.2)
We assume that, in the reuse mode, the resources for UEs-UEd transmission are shared with the
UEc-eNB transmission. Therefore, each of the receivers in the network will be affected by the
interference from the undesired transmitter as well as the background noise. The interference
channel is shown in Fig. 2.1 as red dotted lines. However, when the D2D UEs’ communication
is in the dedicated or cellular modes, half of the resources are assigned to the D2D UEs’ trans-
mission, and the rest is assigned to UEc-eNB transmission, and hence there is no interference
at receivers.
Based on the above assumptions, the received signal, y, at receivers for three different TMs
between D2D UEs is as follows:
yRd =
√
PshsdxRs +
√
PchcdxRc + n
R
d (2.3)
yRe =
√
PchcexRc +
√
PshsexRs + n
R
e (2.4)
yDd =
√
PshsdxDs + n
D
d (2.5)
yDe =
√
PchcexDc + n
D
e (2.6)
yCe1 =
√
PshsexCs + n
C
e1 (2.7)
yCd =
√
PehedxCe + n
C
d (2.8)
yCe2 =
√
PchcexCc + n
C
e2 (2.9)
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where x is the transmitted signal, n is the white Gaussian noise with spectral density of N0, and
P is the transmitter’s power. For these variables the subscripts s, d, c, e represent UEs, UEd,
UEc, and eNB respectively, and R, D, and C superscripts represent the reuse, dedicated, and
cellular modes respectively. It should be noted that when the TM of D2D UEs is cellular, the
UEs-UEd transmission breaks into two cascade transmission, i.e. UEs-eNB and eNB-UEd. In
this mode the eNB receives two signals, one from the UEs which is yCe1 and the other from UEc
which is yCe2.
The received signals in the reuse mode include three terms as presented in (2.3) and (2.4). The
ﬁrst term represents the desired signal from the paired entity, the second term is interference
from other entity, and the last term is noise. However, the received signals in the dedicated and
cellular modes do not include interference, as presented in (2.5)–(2.9) since the resources are
not shared.
In the following section, we formulate the problem for overall throughput of the network,
which is used later to derive the mode selection map of the network.
2.4 Problem Formulation
We assume that near capacity channel codes are used at transmitters, hence the overall through-
put of the network in the reuse, dedicated, and cellular modes would be almost equal to the
overall capacity of the network for each mode.
RR = RR1 + RR2 (2.10)
RD = RD1 + RD2 (2.11)
RC = RC1 + RC2 (2.12)
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where RR1, RR2, RD1, RD2, RC1, and RC2 are the UEs-UEd throughput in reuse mode, UEc-eNB
throughput in reuse mode, UEs-UEd throughput in dedicated mode, UEc-eNB in dedicated
mode, UEs-eNB-UEd throughput in cellular mode, and UEc-eNB in cellular mode, respec-
tively. These throughput functions are deﬁned as:
RR1 = log
(
1+
|hsd |2 Ps
|hcd |2 Pc + N0
)
(2.13)
RR1 = log
(
1+
|hce |2 Pc
|hse |2 Ps + N0
)
(2.14)
RD1 =
1
2
log
(
1+
|hsd |2 Ps
N0
)
(2.15)
RD2 =
1
2
log
(
1+
|hce |2 Pc
N0
)
(2.16)
RC1 =
1
4
min
(
log
(
1+
|hse |2 Ps
N0
)
,log
(
1+
|hed |2 Pe
N0
))
(2.17)
RC2 =
1
2
log
(
1+
|hce |2 Pc
N0
)
(2.18)
In the above equations we assumed that the bandwidth is normalized to one, so it is not shown
in the formulations.
Assuming shadowing and fast-fading in the channel, the mode selection map boundaries could
be found by equating the expected value of overall throughput formulations in (2.10)–(2.12),
one by one as follows:
E [RR] = E [RD] (2.19)
E [RR] = E [RC] (2.20)
E [RD] = E [RC] (2.21)
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where E[Z] is the expected value of the random variable Z . Moreover, since E[U + Z] =
E[U] +E[Z], using (2.10)–(2.12):
E [RR] = E [RR1]+E [RR2] (2.22)
E [RD] = E [RD1]+E [RD2] (2.23)
E [RC] = E [RC1]+E [RC2] (2.24)
In the following section we use (2.19)–(2.21) and (2.22)–(2.24) to ﬁnd the mode selection map.
2.5 Mode Selection Map
In this section we propose a solution approach for the case where UEc moves in the network,
while UEs and UEd are static. In this case, the network variables would be X = dcd and Y = dce
as shown in Fig.2.2. Using these variables, we can rewrite (2.13)–(2.18) as follows:
Figure 2.2 Tuple model and distance variables when UEc moves in the network and the
communication channels are modeled using fading model
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RR1 = log
(
1+
a1
1+ a2x
)
(2.25)
RR2 = log (1+ a3y) (2.26)
RD1 =
1
2
log (1+ a1) (2.27)
RD2 =
1
2
log (1+ a4y) (2.28)
RC1 =
1
4
log (1+ a5) (2.29)
RC2 =
1
2
log (1+ a4y) (2.30)
and:
a1 =
KsdPs
dαsdN0
(2.31a)
a2 =
KcdPc
N0
(2.31b)
a3 =
KcePc
dαce
(
KsePs
dαse
+ N0
) (2.31c)
a4 =
KcePc
N0
(2.31d)
a5 =min
(
KsePs
dαseN0
,
KedPe
dαedN0
)
(2.31e)
where a1 to a5 are random variables that their value varies in the network because of the
shadowing and fast fading effects of the communication channels.
To simplify our solution approach the following conversions are used in (2.25)–(2.30):
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x =
1
Xα
or X = α
√
1
x
(2.32a)
y =
1
Y α
or Y = α
√
1
y
(2.32b)
From (2.11), (2.12), and (2.27)–(2.30), it can be seen that RD is a speciﬁc form of RC where
a5 is substituted by (1+ a1)2 − 1. Therefore the solution to (2.19) would follow the same steps
as for (2.20) that is more general. It is also important to notice that equation (2.21) never leads
to a solution unless E[log(1+ a1)] = E[12 log(1+ a5)], and if it happens, equation (2.21) is valid
for all values of X and Y . Besides, if E[log(1 + a1)] > E[12 log(1 + a5)], then E[RD] > E[RC]
and if E[log(1+ a1)] < E[12 log(1+ a5)], then E[RD] < E[RC].
As discussed above, if we assume E[log(1 + a1)]  E[12 log(1 + a5)], only (2.19) and (2.20)
possibly have solutions. We also know that (2.20) has more general form than (2.19). Therefore
in this section we develop our method only for (2.20).
For the (X,Y ) pair which satisﬁes (2.19) and (2.20), we apply the following conversion to ﬁnd
their geometrical representation as Cartesian coordinates (Xc,Yc):
Xc = −
X2 −Y 2 − d2ed
2ded
Xd
ded
∓
√
Y 2 −
⎛
⎜
⎜⎝X2 −Y 2 − d2ed2ded
⎞
⎟
⎟⎠2 Ydded (2.33a)
Yc = ±
√
Y 2 −
⎛
⎜
⎜⎝X2 −Y 2 − d2ed2ded
⎞
⎟
⎟⎠2 Xdded + X
2 −Y 2 − d2ed
2ded
Yd
ded
(2.33b)
where (Xd ,Yd) are the coordinates of UEd in the network.
To solve (2.19) and (2.20), we need to ﬁnd E[RR1], E[RR2], E[RD1], E[RD2], E[RC1], and
E[RC2] functions numerically. The results for these functions are summarized in Fig. 2.3.
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As discussed earlier here we only present our approach to solve (2.20) since it has more general
form. This approach is summarized in the following algorithm:
Input: Xd, Yd, E[RR1], E[RR2], E[RC1], and E[RC2]
Output: Xc, Yc
Initialization :
ded =
√
X2d +Y
2
d
for X = 0 to 3500 do
Find E[RR1] for X using Fig. 2.3a.
Find E[RR2], E[RC1], and E[RC2] for Y = |X − ded | using Fig. 2.3b, 2.3e, and 2.3f re-
spectively.
Calculate E[RR] and E[RC] functions using (2.22) and (2.24) respectively.
Find the intersection of E[RR] and E[RC] numerically, as (Xi = X,Yi).
Convert (Xi,Yi) to (Xc,Yc) using (2.33a) and (2.33b) respectively.
end for
return (Xc,Yc)
The (Xc,Yc) coordinates determine the equi-average-rate boundaries for (2.20). In the following
section we present the simulation results for the presented algorithm for both (2.19) and (2.20),
as well as the validation of our approach by applying a point-to-point mode selection in the
area of the network.
2.6 Numerical Results
In this section ﬁrst we present the mode selection map of the D2D enabled network presented
in Fig. 2.1 using our solution in Section 2.5. Then to validate the results from that approach, we
apply a point-to-point mode selection map derivation and compare both results. We assume that
UEs and eNB have ﬁxed power and use a single antenna for their communication. Moreover we
assume that all communication channels between the involved entities experience shadowing
and fast fading.
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The parameters of our simulation are summarized in Table 2.1.
Table 2.1 Simulation parameters for mode selection map derivation in fading channel
Parameter Value
Cell radius (rC) 3 km
UEs’s position ((Xs,Ys)) (250,1500)
UEd’s position ((Xd ,Yd)) (300,1000)
UE’s maximum power (Pc, Ps, Pd) 23dBm
eNB’s maximum power (Pe) 46dBm
Pathloss exponent (α) 3 (for urban areas)
Shadowing variance (σ2s ) 7
Fast fading variance (σ2z ) 1
Using the algorithm presented in Section 2.5, the results are shown in Fig. 2.4. As can be seen,
the network area is divided into disjoint regions by equi-average-rate boundaries. These curves
show the set of points for which equations (2.19) and (2.20) are satisﬁed respectively. If UEc
moves outside the solid curve the reuse mode will give higher throughput than the dedicated
mode for transmission between D2D UEs. If UEc moves inside the solid curve, the dedicated
mode would have higher throughput than the reuse mode. If UEc moves outside the dashed
curve, the reuse mode will give higher throughput than the cellular mode. However, if it moves
inside the dashed curve, the cellular mode will have higher throughput than the reuse mode.
To verify the results achieved from the algorithm presented in the previous section, we use a
point-to-point mode selection map derivation method. We divide the area of the network into
a matrix of points where the vertical and horizontal distances between two neighbor points
is 25m. We place the UEc at each point and generate Sij and zij randomly based on their
probability density function (pdf) which determined by their variance presented in Table 2.1.
Then we use (2.1) to calculate hijs. Then using (2.10)–(2.12) and (2.25)–(2.30) we calculate
the overall throughput of the network for different modes. This procedure is executed 106 times
and for each mode we average over all resulted throughputs. Finally, the mode that gives the
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highest average overall throughput is assigned to that speciﬁc point. For simplicity we assign
red, yellow, and green for reuse, dedicated, and cellular modes respectively. We apply this
procedure for all the points in the area of the network. The results of this point-to-point mode
selection map derivation method are shown in Fig. 2.5.
Comparing the results achieved from the point-to-point map derivation in Fig. 2.5a and 2.5b
with the simulation results of the proposed map derivation in Fig. 2.4, we realize that the
boundaries between the disjoint regions in 2.5a and 2.5b, matches the solid and dashed curves
respectively which represent E[RR] = E[RD] and E[RR] = E[RC] respectively. This conﬁrms
that our presented algorithm in Section 2.5 generates valid mode selection map boundaries.
2.7 Conclusion
In this paper, we propose a solution approach to ﬁnd the mode selection map of a single cell
D2D enabled 5G network over fading channels consisting of two D2D UEs, one cellular UE,
and one eNB. While D2D UEs can select their TM among the reuse, dedicated, and cellular
modes, the cellular UE communicates with eNB in UL. We show that there are disjoint regions
in the network where if a moving UE stays inside that region, the TM mode between D2D
UEs will not change. First we ﬁnd average throughput of communication channels for all
three modes. These functions are dependent on the transmission power and location of entities,
noise power, and standard deviation of fading and shadowing variables. Our solution to derive
the mode selection map boundaries using these functions is summarized as an algorithm. We
use the results from this solution to ﬁnd the map boundaries for a speciﬁc network presented
in this work. To verify the operation of the proposed algorithm, we propose a point-to-point
mode selection map derivation to ﬁnd the map of the network. We realized that the boundaries
deﬁned by these maps matches the boundaries derived using the proposed algorithm. Although
the fast fading and shadowing effect causes changes in communication channels, their statistics
remains unchanged. Therefore, the resulting map is constant, in spite of channel ﬂuctuations
and it can be a reliable source for applications such as mode selection, resource allocation,
mobility management and handover.
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a) UEs-UEd throughput in reuse
mode
b) UEc-eNB throughput in reuse
mode
c) UEs-UEd throughput in dedicated
mode
d) UEc-eNB throughput in
dedicated mode
e) UEs-eNB-UEd throughput in
cellular mode
f) UEc-eNB throughput in cellular
mode
Figure 2.3 Different channels’ throughput for reuse, dedicated, and cellular modes.
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Figure 2.4 Mode selection map boundaries derived from the algorithm presented in
Section 2.5 when UEc moves and the communication channels experience fast fading and
shadowing.
a) E[RR] = E[RD] b) E[RR] = E[RC]
Figure 2.5 Mode selection map derived from point-to-point mode selection when UEc
moves and the communication channels experience fast fading and shadowing.
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Abstract
As one of the promising features of 5G networks, Device-to-Device (D2D) communication,
enables direct transmission between D2D User Equipment (UE). In addition to the traditional
cellular transmission mode (TM), using D2D, UEs can select also between the reuse and ded-
icated modes. The selection criterion which is used most of the time is the overall throughput
of the network. That is the mode which results in the highest overall throughput is selected. In
this paper, a simple network with two D2D enabled UEs and one cellular UE in transmission
with an evolved Node-B (eNB) in uplink (UL) is considered. It is assumed that the cellular UE
can move in the network while the D2D UEs are static. For such a network, using our previous
results to derive the mode selection map, we analytically determine mobility measurement vari-
ables to be used by our proposed vertical handover algorithm. We also analytically calculate
handover rate and sojourn time in order to analyze the performance of the handover algorithm.
Introduction
The recent huge growth in the number of mobile devices and their demand for data has created
scarcity for bandwidth on the available frequency spectrum. Relying solely on the traditional
cellular networking cannot provide the ever increasing number of users with an acceptable
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Quality-of-Service (QoS). Therefore in the last decade providers and industrial telecommuni-
cation companies have developed new techniques and designs, such as cognitive radio (Mi-
tola and Maguire, 1999; Liang et al., 2008), Femtocells (Chandrasekhar et al., 2008; Claussen
et al., 2008), Device-to-Device (D2D) communications (Doppler et al., 2009; Janis et al., 2009;
Doppler et al., 2011, 2010), etc., to satisfy their costumers’ demand.
D2D communication has recently attracted signiﬁcant attention from both industry and academia,
mainly due to its unique advantages to ofﬂoad cellular trafﬁc, improved system throughput,
higher energy efﬁciency and robustness to infrastructure failures (Asadi et al., 2014; Mum-
taz and Rodriguez, 2014; Song et al., 2015; Panagopoulos, 2015).
In D2D communication, UEs are enabled to communicate with each other using three different
modes: the reuse, dedicated , and cellular modes. In the reuse and dedicated modes, the UEs
directly connect to each other while in the cellular mode the transmission between two UEs is
through the evolved Node-B (eNB). In the reuse mode the same frequency resource is reused
by both D2D UEs and other cellular transmission in the network, which causes interference at
the receivers. However, in the dedicated and cellular modes different resources are dedicated
to each D2D and cellular transmission, hence no interference appears at receivers. At the
beginning of transmission, D2D UEs would select a single mode (Doppler et al., 2010; Liu
et al., 2012c; Song et al., 2015; Feng et al., 2015; Panagopoulos, 2015; Wang and Tang, 2016;
Huang et al., 2016) or mixed modes (Feng et al., 2015; Tang and Ding, 2016) to ﬁnd the best
policy for their transmission.
The UEs report their measurements to the eNB periodically, on time based, movement based,
or distance based (Akyildiz et al., 1999) options. Relying on this information a speciﬁc mode
is selected. Based on the throughput maximization objective and due to mobility of UEs, the
TM might have to change. Switching from one TM to another, when the moving UE remains
inside one cell, is called vertical handover (Lin et al., 2013; Raghothaman et al., 2013; Chen
et al., 2015).
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It has been shown that in the traditional cellular networks, the distance based method which
performs a location update by reporting the UEs’ locations when distance from the cell where it
performed the last location update, exceeds a predeﬁned value, results in the best performance
for the handover mechanism comparing to the time based and movement based methods (Bar-
Noy et al., 1994). Without loss of generality the results of this work will be applied to the
vertical mobility management mechanism for D2D enabled 5G networks. Thus we adopt the
distance based location update as the candidate for our application.
We presented an analytical approach in (Morattab et al., 2016) that deﬁnes the regions in the
network that if the moving UE remains in those regions, its current TM can be kept. The
set collection of such regions together with the border between them is deﬁned as the mode
selection map of the network. We further propose a handover algorithm based on this map and
an analytical framework to ﬁnd the tangent points, perpendicular points, and intersection points
to the map. The results are applied to ﬁnd the distance from the map and critical direction set
which is deﬁned as the set of all possible directions that if the moving UE takes, it will intersect
with the boundaries of the map. Our proposed algorithm, uses this distance variable together
with the direction of movement, to decide the best time to start the vertical handover procedure.
The critical direction set is introduced as a useful variable used to analytically determine two
performance metrics in order to analyze the efﬁciency of the proposed algorithm.
3.1 Related Works
The idea of having a mode selection map was implicitly discussed for the ﬁrst time in (Doppler
et al., 2010). There a mode selection procedure in a single cell and multi-cell environments was
proposed. The map is derived numerically by optimizing all possible TMs and selecting the
one that results in the highest throughput for the locations of the cellular UE. In our previous
work, (Morattab et al., 2015), we extended the mode selection procedure in (Doppler et al.,
2010) assuming the UEs and eNB utilize Multiple-Input-Multiple-Output (MIMO) precoding.
We presented a method to optimally design MIMO precoders and decoders at each transmitter
and receiver respectively, to maximize overall throughput for different TMs. Our results in that
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work shows higher gain and efﬁciency compared to (Doppler et al., 2010). Derivation of the
mode selection map of the network using the same point-to-point techniques shows that using
MIMO, a larger area than SISO can be covered using dedicated and reuse modes.
The mode selection maps in (Doppler et al., 2010; Morattab et al., 2015) are derived numeri-
cally by applying a point-to-point procedure which is generally imprecise, complex, time con-
suming, and inefﬁcient. Using such methods consumes large execution time and systems mem-
ory. Since, such methods are point based, the precision of the resulting map is a function of the
distance between two consecutive points where mode selection algorithm is applied.
The derivation of the mode selection map in this work is based on methods in (Morattab et al.,
2016) where for the case of moving cellular UEs with ﬁxed D2D UEs an analytical approach to
ﬁnd the mode selection map is developed. The methods in this paper provide implicit functions
for the derivation of the mode selection map. Therefore, it draws precise borders of different
regions that a speciﬁc mode is dedicated, with smaller execution time.
One of the main issues in D2D enabled networks, is how to design a handover scheme that
could maintain the QoS of a connection between two D2D UEs and execute TM change in
a seamless way. Previous research was done in recent years to study this issue in different
applications and scenarios (Raghothaman et al., 2013; Yilmaz et al., 2014; Chen et al., 2015;
Orsino et al., 2015; Jarray and Giovanidis, 2016; Xu et al., 2016).
In (Raghothaman et al., 2013), the authors present protocols to extend the 3GPP LTE-Advanced
(LTE-A) system to incorporate D2D communication, including establishing and maintaining a
D2D call and procedures for efﬁcient mobility between a traditional the cellular mode and a
D2D mode of operation within one cell. This work only provides a time sequence procedure
for the handover mechanism without presenting a speciﬁc decision criteria. Moreover it is not
clear whether the direct D2D is for the reuse or the dedicated mode.
In (Yilmaz et al., 2014), a handover mechanism based on the received signal strength (RSS)
which is able to minimize the end-to-end latency and signaling overhead for the communicating
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D2D UEs is developed. The authors in (Chen et al., 2015), provide the same handover scenario
as in (Yilmaz et al., 2014), however unlike the previous work, several decision criteria were
taken into account to ﬁnd the best time to start the handover. The proposed handover scheme in
(Yilmaz et al., 2014; Chen et al., 2015) do not provide performance metrics for their algorithm.
In (Orsino et al., 2015) a handover scheme, where D2D connectivity helps to improve the
migration of users across different BSs to enhance the overall link quality experienced by the
UEs is presented. Like (Yilmaz et al., 2014; Chen et al., 2015) the handover is for the case
when D2D UEs move from one cell to other cells. The mechanism presented in this work
is able to efﬁciently offer the attractive energy efﬁciency, data rate, and packet delivery ratio
beneﬁts. Moreover performance metrics of their solution by utilizing the tools from stochastic
geometry are derived which is an advantage over (Yilmaz et al., 2014; Chen et al., 2015).
In (Jarray and Giovanidis, 2016), the performance of caching in D2D networks for different
degrees of node mobility is studied. Devices establish connection with transmitters that have
the desired content cached, however due to the mobility the link quality between receivers and
transmitters is affected which may result in a connection drop. This work does not propose a
handover mechanism and only studies the performance of the network while UEs move.
This paper is based on the recent work in (Xu et al., 2016), that is the theoretical analysis of
D2D mode selection with user mobility. Although (Xu et al., 2016) a mode selection map is
not derived, the authors deﬁne a region where its border is computed by equating the RSS of
the cellular and reuse modes. In that paper TM between the D2D UEs is changed whenever
one of the D2D UEs exits a speciﬁc region which has been deﬁned by RSS. Although the
authors presented an equation to reach the equi-RSS boundaries, no solution is proposed to
derive the mode selection map. Only a circular approximation of the equation is applied. Also,
the dedicated mode is not considered in problem modeling and calculations.
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3.2 Contributions
When the cellular UE moves, depending on the objective function to be maximized, the se-
lected TM between the D2D UEs might not remain the optimal TM. The reason is usually due
to the change in the amount of interference that cellular UE can cause to the receiving D2D UE,
and vice versa, or change in transmission power, noise, or channel characteristics. To ensure
that the UEs continue in an appropriate mode, a vertical handover needs to be applied. Rely-
ing on the mode selection map derived in (Morattab et al., 2016), in this work, we develop a
distance based vertical handover mechanism that takes into account the direction of the move-
ment. To evaluate the performance of our algorithm we analytically determine the handover
rate and sojourn time using the methods proposed in (Lin et al., 2013; Xu et al., 2016).
The contributions of this paper are summarized as follows:
• A new mobility management and vertical handover technique is proposed based on the dis-
tance from the mode selection map and the direction of the moving cellular UE;
• The proposed vertical handover handles mode transition to the reuse, dedicated, and cellular
modes for the transmission between the D2D UEs;
• The moving cellular UE may cause the mode change for the D2D UEs;
• An analytical approach for determining the distance from the map, as the decision variable
of the handover algorithm, and critical direction set is presented;
• Analytical derivation of handover rate and sojourn time as the performance metrics of the
handover mechanism.
The remainder of this paper is as follows: In Section 3.3 the models for transmission (Sec-
tion 3.3.1) and also mobility of the cellular UE (Section 3.3.2) are introduced. The problem
formulation is presented in Section 3.4. Section 3.4.1 presents mode selection map and for-
mulation of perpendicular points, tangent points, and intersection points from the location of
the moving cellular UE. Moreover in Section 3.4.2 two performance metrics of the handover
scheme, i.e. handover rate (Section 3.4.2.1) and sojourn time (Section 3.4.2.2) are introduced.
In Section 3.5 we present our analytical approach to reach the tangent points and perpendicular
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points (Section 3.5.1) as well as the formulation of the handover rate (Section 3.5.2) and the
sojourn time (Section 3.5.3) for our speciﬁc D2D network. Our vertical handover algorithm is
presented in Section 3.6. Section 3.7 presents to our simulation results for mobility metrics and
performance of the proposed handover algorithm. Finally, we give our conclusions in Section
3.8.
3.3 System Model
In this section we introduce a model for the data D2D enabled cellular network. Then we
discuss the mobility model used to estimate the behavior of the moving cellular UE.
3.3.1 Network Model
In this paper, we use the single cell D2D enabled cellular network model ﬁrst developed in
(Morattab et al., 2016). As shown in Fig. 3.1, the model consists of a pair of D2D enabled
UEs, a cellular UE, and a base station in the center of the cell, which are denoted as UEs, UEd,
UEc, and eNB respectively. While the communication from UEs to UEd can be in the reuse,
dedicated, and cellular modes, UEc operates in cellular mode in UL. It is also assumed that all
entities in the network are equipped with a single antenna.
For simplicity a simple path-loss channel model, with line of sight (LoS) communication be-
tween the entities is considered. That is, the fading effect is not taken into account.
We assume that, in the reuse mode, the resources for UEs-UEd transmission are shared with the
UEc-eNB transmission. Therefore, each of the receivers in the network will be affected by the
interference from the transmitters as well as the background noise. The interference channel
is shown in Fig. 3.1 as red dotted lines. However, when the D2D UE are in the dedicated or
cellular modes, half of the resources are assigned to the D2D UE, and the rest is assigned to
UEc-eNB transmission, and hence there will be no interference at the receivers.
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Figure 3.1 Simulation results for the network.
Interested readers refer to our previous paper in (Morattab et al., 2016), to study the details of
the transmit and receive models we used here.
3.3.2 Mobility Model
The mobility model we use in this paper is based on the Random Way Point (RWP) model in
(Lin et al., 2013) in which the moving entity randomly shifts between two points called way-
points. At each waypoint the mobile node chooses 1) a random direction uniformly distributed
in the range [0,2π], 2) a transition length from some distribution, and 3) velocity from some
distribution. The node may have a random pause time at each waypoint.
3.4 Problem Formulation
As discussed earlier, in order for a handover process to start, it relies on the value of spe-
ciﬁc decision variables that are computed based on the measurements in the network. In this
section we formulate the decision variables to be used by the handover mechanism. These
decision variables are: 1) distance form the mode selection map, 2) the critical direction set.
89
The distance variable, is the distance of the moving UEc from the mode selection map and it
is computed as the minimum of the set of all perpendicular distances from UEc’s location to
the map as it is shown in Fig. 3.2a. This variable can be calculated by determining the tangent
lines to the boundaries of the map from the location of the UEc as is discussed later in this
work. Such tangent lines are shown in Fig. 3.2b for the sample network.
a) Distance points b) Tangent points
Figure 3.2 Distance and tangent points from the moving UEc
to the mode selection map boundaries
Moreover, as performance metrics of the handover for the purpose of analysis, we introduce
handover rate and sojourn time.
3.4.1 Decision Variables
In this paper, it is assumed that UEc moves, while UEs and UEd are static as discussed in
(Morattab et al., 2016). In this case the network is as shown in Fig. 3.3 where X and Y are
distance variables that their value changes by UEc’s movement.
The relationship that deﬁne the mode selection map of the network, are derived from the overall
throughput of the network as the total throughput in for the reuse, dedicated, and cellular
modes, denoted as RC , RD, and RC respectively, where:
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Figure 3.3 UEc moves in the network
RR = log2
((
1+
a1
1+ a2x
)
(1+ a3y)
)
(3.1)
RD =
1
2
log2
(
a′1 (1+ a4y)
)
(3.2)
RC =
1
4
log2 (a5) +
1
2
log2 (1+ a4y) (3.3)
and:
a1 =
KPs
dαsdN0
(3.4a)
a′1 = 1+ a1 (3.4b)
a2 =
KPc
N0
(3.4c)
a3 =
KPc
dce
(
KPs
dαse
+ N0
) (3.4d)
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a4 =
KPc
N0
(3.4e)
a5 =min
(
1+
KPs
dαseN0
,1+
KPe
dαedN0
)
(3.4f)
and x and y are deﬁned as follows:
x =
1
Xα
(3.5a)
y =
1
Yα
(3.5b)
In the above equations, dij is the distance between transmitter i and receiver j and Pi is the
transmitter i’s power, where i = s, c, e, and j = e, d. The subscripts s, c, d, and e describe the type
of entity, such as UEs, UEc, and UEd, and eNB respectively. N0 denotes the spectral density of
the Gaussian noise, K is a unitless constant that depends on the antennas characteristics, and α
is the path loss exponent.
It is shown in (Morattab et al., 2016), that when RD = RC there is no solution. Moreover,
the RR = RC equation is the general form of RR = RD that the solution to the latter can be
obtained by a simple substitution of the constants. Therefore, in the subsequent discussion we
only develop results for the case RR = RC . Referring to (Morattab et al., 2016), this relation is
simpliﬁed as follows:
f (x,y) = a (x) y2 + b (x) y + c (x) = 0 (3.6)
where:
a(x) = a23
(
a′1 + a2x
)2
(3.7a)
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b(x) = 2a3
(
a′1 + a2x
)2 − a4√a5 (1+ a2x)2 (3.7b)
c(x) =
(
a′1 + a2x
)2 −√a5 (1+ a2x)2 (3.7c)
For each solution pair (x,y) of (3.6), we use (3.5a) and (3.5b) to ﬁnd corresponding X and
y distance variables. Then the following equations are used to convert X and Y to (Xc,Yc)
coordinates and obtain the mode selection map:
X2 = (Xc − Xd)2 + (Yc −Yd)2 (3.8a)
Y 2 = X2c +Y
2
c ; (3.8b)
where (Xd,Yd) are the coordinates of the static UEd.
Since the mode selection map is derived using the above equations, we develop our formula-
tions in order to ﬁnd the distance from the map as well as the critical direction set. As shown
in Fig. 3.2, both subﬁgures include a cellular user, i.e. UEc, which moves in the network in
direction of θ with velocity of v as well as the mode selection map of a sample network. The
map consists of two equi-rate borders resulted by solving RR = RC and RR = RD equations
respectively. If UEc moves and speciﬁc conditions are satisﬁed, a vertical handover is needed
for transmission between UEs and UEd in order to guarantee the maximum overall through-
put. To determine these conditions, the distance from map boundaries and the direction of the
movement are considered as the decision variables. The handover process is executed only if
the distance from the map is less than a speciﬁed threshold and if the moving direction of UEc
belongs to the set of critical directions.
For both distance variable and critical direction set, we need to determine the slope of the tan-
gent line to the map, dYcdXc , where (Xc,Yc) are the coordinates of a point on the map’s boundary.
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If (Xi,Yi) is the coordinate of the moving UEc, then the tangent line from this point to the map
boundary is:
Yc =
dYc
dXc
(Xc − Xi) +Yi (3.9)
and the perpendicular line from is:
Yc =
−1
dYc
dXc
(Xc − Xi) +Yi (3.10)
(3.9) and (3.10) are used to ﬁnd the critical direction set and distance from map. The solution
to the above equations determines tangent points {(Xtn,Ytn) |n = 1,· · · ,Nt } and perpendicular
points {(Xpn,Ypn) |n = 1,· · · ,Np} respectively, where Nt and Np denote the maximum number of
possible tangent and perpendicular points from (Xi,Yi) to the mode selection map respectively.
The perpendicular points are shown in Fig. 3.2a as blue dots. The magenta points in Fig.
3.2b denote the tangent points to the mode selection map, and the cyan points represent the
intersection points of the moving UEc with the map, if it goes in the direction of θ.
The set of perpendicular distance variables are denoted as H = {dpn |n = 1,· · · ,Np} where dpn
is computed as follows:
dpn =
√(
Xpn − Xi
)2
+
(
Ypn −Yi
)2
(3.11)
The distance of the moving UEc from the map is as follows:
dp =min(H) (3.12)
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Now that we calculated the distance from the map, as the decision variable for the handover
algorithm, we follow our calculations to present some useful variables which will be used in
the next section to derive the performance metrics of the handover algorithm.
We ﬁnd the set of tangent directions denoted as {θtn |n = 1,· · · ,Nt } as follows:
tan−1(
Ytn −Yi
Xtn − Xi ) + π ,if Xtn < Xi,Ytn > Yi (3.13a)
θtn =
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
tan−1(
Ytn −Yi
Xtn − Xi ) ,if Xtn > Xi (3.13b)
tan−1(
Ytn −Yi
Xtn − Xi ) − π,if Xtn < Xi,Ytn < Yi (3.13c)
We deﬁne the following extended set:
Φ = {−π,π} ∪ {θtn |n = 1,· · · ,Nt } (3.14)
We denote the elements of the ordered set Φ as φn where n = 1,· · · ,Nt + 2. Then the set of
critical directions, which is also assumed to be an ordered set, is computed as follows:
Ψ = {ψn = [φk ,φk+1] for k = 1,· · · ,Nt +1| if θ ∈ ψn,
⇒ UEc intersects whith the map} (3.15)
The elements of Ψ are denoted as ψn for n = 1,· · · ,Nd = |Ψ| as follows:
ψn = [αn, βn] (3.16)
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Next, we need to ﬁnd the intersection points from (Xi,Yi) and the mode selection map in the
direction of movement. This will be used later in the next section in order to compute perfor-
mance metrics of the mobility management method.
If we assume that UEc moves in the direction of θ, the following equation leads to the intersec-
tion points:
Yc = tan (θ) (Xc − Xi) +Yi (3.17)
Where (Xc,Yc) are coordinates of a point on the mode selection map. Solution of this equation
is obtained by substituting the above Yc, as a function of Xc, with the Yc in the mode selection
map function derived earlier, and then solving the resulting single variable nonlinear equation.
The intersection points are denoted as {(Xcn,Ycn) |n = 1,· · · ,Nc}, where Nc is the maximum
number of intersections. The set of distance values is {rcn |n = 1,· · · ,Nc}, which rcn is the
distance between (Xi,Yi) to (Xcn,Ycn):
rcn =
√
(Xcn − Xi)2 + (Ycn −Yi)2 (3.18)
3.4.2 Performance Metrics
Using the RWP mobility model in (Lin et al., 2013), the movement trace of the UEc can be
described by an inﬁnite sequence of quadruples: {((Xi,Yi),(Xi+1,Yi+1),Vi,Si)}i=N , where i is
the i-th movement period. During the i-th movement period, (Xi,Yi) represents the starting
waypoint, (Xi+1,Yi+1) the target waypoint, Vi the velocity, and Si the pause time at waypoint
(Xi+1,Yi+1). Given the current waypoint (Xi,Yi), the next waypoint (Xi+1,Yi+1) is such that the
angle between the vector (Xi+1,Yi+1) − (Xi,Yi) and the abscissa, i.e. θi, is uniformly distributed
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in [0,2π] and the transition length Li = | |(Xi+1,Yi+1) − (Xi,Yi) | | is nonnegative. The selection of
waypoint is independent and identical for each movement period.
The transition lengths {L1,L2,...} are chosen to be independent and identically distributed
(i.i.d.) with Cumulative Distribution Function (CDF):
P(L <= l) = 1− exp
(
−λπl2
)
(3.19)
The transition lengths are Rayleigh distributed with density λ. Velocities Vi are i.i.d. with
distribution PV (.). Pause times Si are also i.i.d. with distribution PS (.). It can be shown that
the expected value of the transition length is:
E[L] =
1
2
√
λ
(3.20)
The period time, i.e. Tp, is deﬁned as the sum of transition time, i.e. T , and the pause time, i.e.
S as follows:
Tp = T + S (3.21)
The transition time denotes the time a node spends during the movement between two succes-
sive waypoints that is formulated as follows:
T = L/V (3.22)
where L and V denote transition length and velocity random variables respectively.
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Two important metrics to evaluate the performance of a mobility management technique are
handover rate and the sojourn time which are described as follows:
3.4.2.1 Handover Rate
The handover rate is deﬁned as the ratio of the expected number of required handovers for the
D2D UEs when UEc moves between two waypoints during one movement period, over the
expected value of the period time. That is:
RH =
E[N]
E[Tp]
(3.23)
Where random variable N is the number of handovers, and Tp represents the period time ran-
dom variable.
The expected number of handovers during a one movement period could be calculated as:
E[N] =
∞∑
n=1
n
∫
Cn
P (dA(r,θ)) (3.24)
where Cn is the area such that if UEc enters and moves within one movement period, the D2D
UEs will experience n handovers. P (dA(r,θ)) is the probability of the moving entity being in
the area dA(r,θ) after one movement from the origin.
The expected value of period time can be computed by ﬁrst determining E[T] and E[S].
3.4.2.2 Sojourn Time
Sojourn time is deﬁned as the expected time duration that the mobile UEc movement would
not result in a TM change for the D2D UEs. Assuming that the mobile node does not have the
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pause time with a constant velocity, i.e., V ≡ v, the sojourn time in any coverage area C0 can
be determined as:
ST = E[T].
∫
C0
P (dA(r,θ)) (3.25)
3.5 Solution
In this section we provide analytical solutions for the tangent and perpendicular points as well
as the relationship for the handover rate and sojourn time as performance metrics.
3.5.1 Tangent and Perpendicular Points
As discussed earlier in Section 3.4.1, the mobility management technique is relying on the
direction of the UEc’s movement and its distance from the mode selection map. We found the
critical direction set in (3.15) as well as the perpendicular distance using (3.12). We computed
these variables with the assumption that the tangent and perpendicular points are given. These
can be be found using (3.9) and (3.10).
First we compute the derivatives of (3.8a) and (3.8b) with respect to Xc and simplify them as
follows:
X
dX
dXc
= (Xc − Xd) + (Yc −Yd) dYcdXc (3.26a)
Y
dY
dXc
= Xc +Yc
dYc
dXc
(3.26b)
Dividing the equation (3.26b) by (3.26a) and simplifying:
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dY
dXc
dX
dXc
=
X
Y
.
Xc +Yc
dYc
dXc
(Xc − Xd) + (Yc −Yd) dYcdXc
(3.27)
On the other hand:
dY
dXc
=
dY
dy
.
dy
dx
.
dx
dX
.
dX
dXc
(3.28)
therefore:
dY
dXc
dX
dXc
=
dY
dy
.
dy
dx
.
dx
dX
=
dY
dy
dX
dx
.
dy
dx
(3.29)
Differentiating (3.5a), (3.5b), and (3.6), we ﬁnd dYdy ,
dX
dx , and
dy
dx as follows:
dY
dy
= −Y
α+1
α
(3.30a)
dX
dx
= −X
α+1
α
(3.30b)
dy
dx
= −a
′(x)y2 + b′(x)y + c′(x)
2a(x)y + b(x)
(3.30c)
where:
a′(x) =
da(x)
dx
= 2a2a23(a
′
1 + a2x) (3.31a)
100
b′(x) =
da(x)
dx
= 4a2a3(a′1 + a2x) − 2a2a4
√
a5(1+ a2x) (3.31b)
b′(x) =
da(x)
dx
= 2a2(a′1 + a2x) − 2a2
√
a5(1+ a2x) (3.31c)
We simplify (3.29) using (3.30a) and (3.30b) as follows:
dY
dXc
dX
dXc
=
Yα+1
Xα+1
.
dy
dx
=
Y
X
.
x
y
.
dy
dx
(3.32)
For simplicity of presentation, in (3.32) and the subsequent calculations dydx is not substitute
with (3.30c).
Equating (3.27) and (3.32) results in:
X
Y
.
Xc +Yc
dYc
dXc
(Xc − Xd) + (Yc −Yd) dYcdXc
=
Y
X
.
x
y
.
dy
dx
(3.33)
dYc
dXc
can be determined using the above equation as follows:
dYc
dXc
= −
Xc − Y 2X2 . xy . dydx .(Xc − Xd)
Yc − Y 2X2 . xy . dydx .(Yc −Yd)
(3.34)
Substituting dYcdXc from (3.34) in (3.9) and (3.10), results in the tangent and perpendicular points
relationships respectively, as follows:
Yc −Yi
Xc − Xi = −
Xc − Y 2X2 . xy . dydx .(Xc − Xd)
Yc − Y 2X2 . xy . dydx .(Yc −Yd)
(3.35a)
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Yc −Yi
Xc − Xi =
Yc − Y 2X2 . xy . dydx .(Yc −Yd)
Xc − Y 2X2 . xy . dydx .(Xc − Xd)
(3.35b)
Because of the non-linearity and irreversibility of the equations in (3.35a) and (3.35b) , we
use a numerical method to ﬁnd the tangent and perpendicular points, denoted as {(Xtn,Ytn) |n =
1,· · · ,Nt } and {(Xpn,Ypn) |n = 1,· · · ,Np} respectively.
Having the tangent and perpendicular points, the distance from the map and critical direction
variables can easily be determined using the formulas presented in Section 3.4.1.
3.5.2 Handover Rate
The general procedure to ﬁnd the handover rate was presented in 3.4.2.1. In this part we present
an analytical approach for ﬁnding the handover rate for D2D enabled network. As shown in
(3.23), to calculate RH , E[N] and E[Tp] should be determined ﬁrst.
Based on mode selection map derived from RR = RD and RR = RC , Fig. 3.4 shows the Cn zones
with different colors. Cn deﬁnes the region where if UEc moves from its current location to Cn,
then TM for communication between the D2D UEs changes n times. We note that depending
on the UEc’s location, the direction of movement, the transition length, and the mode selection
map’s shape, the number of handovers for D2D caused by UEc’s movement, is different. Fig.
3.4a and 3.4b show the map derived from RR = RD and RR = RC respectively, that the modes
to be selected by D2D UEs in the former case is only between the reuse and dedicated modes
while in the latter D2D UEs could select between the reuse and cellular modes.
As shown in Fig. 3.4a, as UEc, moves in the direction shown by the arrow, the number of han-
dovers changes from one to four, depending on the transition length between two waypoints.
However referring to Fig. 3.4b, the number of handovers changes from one to two. In order to
determine Cn, we need to compute the intersection points of the moving UEc, as it moves from
waypoint (Xi,Yi) in the direction of θ, with the mode selection map shown for the two cases.
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For example for Fig. 3.4a, the part of the line between the third and fourth intersection points,
belongs to the C3.
a) RR = RD b) RR = RC
Figure 3.4 n handover regions
Determining the Cn zones analytically is complex, therefore we use the fact that for a speciﬁc
direction of movement, i.e. θ, for UEc located in waypoint (Xi,Yi), depending on the transition
length, l, in one movement period, the next waypoint could be located in any of Cns. Knowing
(Xi,Yi) and θ, we can ﬁnd the intersection points with the mode selection map using (3.17).
The set of intersection points is {(Xcn(θ),Ycn(θ))}n=1,··· ,Nc (θ), where Nc(θ) is the maximum
number of intersections when UEc moves in the direction of θ. Then using (3.18), we ﬁnd
{rcn(θ)}n=1,··· ,Nc (θ), i.e. the distance of intersection points from (Xi,Yi). We assume that rcn(θ)s
are ordered, that is for n,m ∈ {1,· · · ,Nc(θ)} if n < m then rcn(θ) < rcm(θ). The probability
of UEc, being in Cn, in one movement period in direction of θ is denoted as PCn (θ) and is
calculated using (3.19) as follows:
PC0 (θ) = P(l < rc1(θ))
= 1− exp
(
−λπr2c1(θ)
)
(3.36a)
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PCn (θ)
n=1,··· ,Nc (θ)−1
= P(rcn(θ) < l < rc(n+1) (θ))
= exp
(
−λπr2cn(θ)
)
− exp
(
−λπr2c(n+1) (θ)
)
(3.36b)
PCNc (θ) (θ) = P(rcNc (θ) (θ) < l)
= exp
(
−λπr2cNc (θ) (θ)
)
(3.36c)
Using (3.36a)–(3.36c), the expected number of handovers for the movement from (Xi,Yi) in the
direction of θ, as shown in (3.24) is reformulated as:
E[Nθ] =
Nc (θ)∑
n=1
n.PCn (θ) (3.37)
To compute the expected number of handovers for UEc located in (Xi,Yi) we determine E[Nθ]
over θ which is a random variable with uniform distribution over [0,2π]. Presenting a close
form for PC0 (θ), PCn (θ) for n = 1,· · · ,Nc(θ) − 1, and PCNc (θ) (θ) as a function of θ is very com-
plex, since it ﬁrst requires calculation of intersection points {(Xtn(θ),Ytn(θ)) |n = 1,· · · ,Nt (θ)},
which can not be determined analytically. Therefore to ﬁnd the expected number of hand-
overs, we use discrete values of θ. We only apply the values of θ which if UEc takes those
values as the direction of movement, it will intersect with the mode selection map. In other
words for θ ∈ ∪
n=1,··· ,Nd
ψn, which ψn is deﬁned in (3.16). The discrete value of θ is denoted as
θkl and it is deﬁned as:
θkl = αl + k (
βl −αl
K +1
),k = 1,· · · ,K and l = 1,· · · ,Nd (3.38)
where αl and βl are lower and upper bounds of ψn in (3.16), and K is denoted as the total
number of discrete directions in each ψl = [αl , βl] interval.
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It should be noted that for the values of θ ∈ {[0,2π]\ ∪
n=1,··· ,Nd
ψn}, E[Nθ] = 0, since UEc will not
intersect with the mode selection map and PCn (θ)
n=1,··· ,Nc (θ)
= 0.
The following probabilities are used later for developing equations to ﬁnd the expected number
of hand-overs and sojourn time:
P(θ ∈ ψn) = (βn −αn)2π (3.39a)
P(θ ∈ {[0,2π] \ ∪
n=1,··· ,Nd
ψn}) = P(θ  ∪
n=1,··· ,Nd
ψn})
= 1−
∑Nd
n=1 (βn −αn)
2π
(3.39b)
Finally the expected number of handovers for UEc located in (Xi,Yi) is determined as:
E[N] =
Nd∑
l=1
P(θ ∈ ψl ).
K∑
k=1
P(θ = θkl ).E[Nθkl ]
=
Nd∑
l=1
(βl −αl )
2π
.
K∑
k=1
1
K
.
Nc (θkl )∑
n=1
n.PCn (θkl ) (3.40)
where E[Nθkl ] is substituted by (3.37).
Another term that should be calculated to determine the handover rate, is the expected value of
the time period as deﬁned in (3.21). We assume that S ≡ 0. Using (3.20)–(3.22), we develop
the following relations in order to ﬁnd E[Tp]:
E[Tp] = E[T]
= E[L/V ]
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= E[L].E[1/V ]
=
1
2
√
λ
∫
V
1
v
dPV (v) (3.41)
Assuming UEc, moves with a constant velocity, V ≡ vc, (3.41) is simpliﬁed as follows:
E[Tp] =
1
2vc
√
λ
(3.42)
Now using (3.40) and (3.41), we ﬁnd the handover rate using (3.23).
We later perform a simulation for our test network presented in Fig. 3.3 to ﬁnd the handover
rate for speciﬁc locations of UEc.
3.5.3 Sojourn Time
To ﬁnd the sojourn time as deﬁned in Section 3.4.2.2, we use (3.25). The expected value
of transition time, E[T] has already been determined in (3.41). However, the second term in
(3.25) denotes the cumulative probability of UEc moving from the ﬁrst waypoint (Xi,Yi) to the
second waypoint without a handover. If we assume that UEc moves in the direction of θ, this
probability is equal to PC0 (θ) as deﬁned in (3.36a). The sojourn time in the direction of θ then
is derived from (3.25) as follows:
ST θ = E[T].PC0 (θ) (3.43)
To compute the average sojourn time in (Xi,Yi), we should ﬁnd the expected value of ST θ
over all possible values of θ. For the direction of movement of θ ∈ {[0,2π] \ ∪
n=1,··· ,Nd
ψn}, as
ψn presented in (3.16), UEc does not intersect with the mode selection map. Hence for these
values of θ, we can substitute rc1(θ) =∞ in (3.36a) for PC0 (θ):
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PC0 (θ |θ ∈ {[0,2π] \ ∪n=1,··· ,Ndψn}) = P(L <∞)
= 1 (3.44a)
For any θ that θ ∈ ∪
n=1,··· ,Nd
ψn, there exists at least one intersection with the mode selection map.
Again due to the complexity of ﬁnding a close form expression for PC0 (θ) as a function of θ,
discrete values of θ, i.e. θkl as deﬁned in (3.38) are used. To determine PC0 (θkl ), (3.36a) is
used. Finally, the sojourn time for UEc located in (Xi,Yi) is as follows:
ST = E[T].
(
P(θ ∈ {[0,2π] \ ∪
n=1,··· ,Nd
ψn}).PC0 (θ |θ ∈ {[0,2π] \ ∪n=1,··· ,Ndψn})
+
Nd∑
l=1
P(θ ∈ ψl ).
K∑
k=1
P(θ = θkl ).PC0 (θkl )
⎞
⎟
⎟
⎟⎠ (3.45a)
= E[T].
⎛
⎜
⎜
⎜⎝
⎛
⎜
⎜
⎜⎝1−
∑Nd
n=1 (βn −αn)
2π
⎞
⎟
⎟
⎟⎠ + Nd∑
l=1
(βl −αl )
2π
.
K∑
k=1
1
K
PC0 (θkl )
⎞
⎟
⎟
⎟⎠ (3.45b)
3.6 Handover Algorithm
In this section we present a distance based vertical handover algorithm relying on results in
Section 3.4.1. As discussed earlier the mode selection map speciﬁes the geometrical boundaries
where the overall throughput of the network in two different transmission modes are equal.
When UEc moves in the network it might pass the boundaries of the mode selection map. This
is equivalent to the change in the TM for the D2D UEs. Such a transition should be determined
by a handover mechanism that could track the behavior of UEc and when executes the handover
process.
Our handover algorithm is summarized in Fig. 3.5. In this ﬂowchart, there is a predeﬁned
process that calculates the mode selection map and periodically obtains the location updates,
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and direction of movement, denoted as (Xi,Yi) and θ, respectively. These parameters are used
to calculate the perpendicular points and intersection points by the algorithm. Moreover, there
is another process that estimates the processing time of handover as well as the velocity of UEc
which are denoted as μ and V , respectively. These two parameters are used to calculate the
distance threshold from the map, i.e. dpT = μ.V , and the running delay of the algorithm, i.e.
Td < μ.
The algorithm is executed periodically every Td units of time. Provided the mode selection map
and (Xi,Yi), the algorithm starts by ﬁrst ﬁnding the perpendicular points , i.e. {(Xpn,Ypn)}n=1,··· ,Np
by solving (3.35b). Then the resulting coordinates are substituted in (3.11) to determine the
distance set, H . Then the distance of UEc from the map, i.e. dp, is computed using (3.12). The
algorithm then checks if dp < dpT . This condition checks the proximity of the moving UEc with
respect to the borders of the mode selection map. If the condition is satisﬁed then, the Mobility
Management Entity (MME) checks if the moving UEc intersects with the map when it moves
in the direction of θ by solving (3.17) and ﬁnding the solutions as {(Xcn(θ),Ycn(θ))}n=1,··· ,Nc (θ).
The handover starts only when this equation has at least one solution, i.e. Nc(θ) > 0, meaning
UEc intersects with the map. The last condition ensures that even if the moving UEc is close
to the border of the map, the handover would not be applied until an intersection with map is
seen. If any of the two conditions are not satisﬁed, the algorithm is repeated in Td units of time.
3.7 Numerical Results
In this section we present our simulation results for running the handover algorithm in Sec-
tion 3.6. Then we evaluate the performance of the algorithm using the performance metrics
deﬁned in Section 3.4.2.1 and 3.4.2.2. We assume that UEs an UEd are static. Moreover the
transmission power of UEs and eNB is considered to be constant.
First we apply the handover algorithm in two different cases where TM is selected between
the 1) reuse or cellular modes, and 2) reuse or dedicated modes. For both cases we apply the
parameters in Table 3.1.
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Figure 3.5 Distance based handover mechanism
We assume that UEc starts moving from (Xc,Yc) = (1,1) and takes 10 steps using the RWP
model as described in Section 3.3.2 and 3.4.2 with E[L] = 50 m. We also assume that UEc
velocity is constant, V = 5 m/sec. The simulation results for case 1 and 2, are shown in Fig. 3.6
and Fig. 3.7 respectively. Based on the parameter values in Table 3.1, the distance threshold is
calculated to be dpT = μ.V = (1 sec).(5 m/sec) = 5 m.
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Table 3.1 Simulation parameters for vertical handover algorithm
Parameter Value
Cell radius (rC) 3 km
UEs’s position (Xs,Ys) (250,250)
UEd’s position (Xd ,Yd) (0,300)
UE’s maximum power (Pc, Ps, Pd) 23dBm
eNB’s maximum power (Pe) 46dBm
Pathloss exponent (α) 3 (for urban areas)
Processing time (μ) 1 sec
Velocity (V ) 5 m/sec
Average transition length (E[L]) 50 m
Nomber of steps 10
a) Mobility of UEc and hadover b) Zoom on hadover area
Figure 3.6 Handover for the moving UEc when the TM to be selected is either the reuse
or cellular
Fig. 3.6a, shows simulation result of the handover algorithm when the movement of the UEc
causes mode changes between the reuse and cellular for the D2D UEs. As observed in this case
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UEc intersects with the mode selection map in several points. A larger view of the intersection
part is shown in Fig. 3.6b. The perpendicular points shown in blue are when the distance from
the map is less than the threshold (dp < dpT ). It deﬁnes the distance of the moving UEc from
the map. Then for each of these points the algorithm checks if during the next Td units of time,
UEc intersects with the map. If there is at least one intersection the handover is applied. This
is shown as cyan links and intersection points on the map. If the handover is not performed,
the link color remains black in the ﬁgure.
a) Mobility of UEc and hadover b) Zoom on hadover area
Figure 3.7 Handover for the moving UEc when the TM to be selected is either the reuse
or dedicated
The same explanation stands for the simulation results presented in Fig. 3.7a and Fig. 3.7b. In
this case the mode selection is between the reuse and dedicated modes. Considering the same
movement pattern as applied in the previous case, the moving UEc causes only one handover,
i.e. it intersects with the map in one point.
To evaluate the performance of our handover algorithm we use the metrics presented in Section
3.5.2 and 3.5.3. The handover rate and sojourn time are location based functions with values
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dependent on the ﬁrst waypoint. For simplicity we consider a simulation scenario where UEc’s
ﬁrst waypoint could be any point on y-axis between 0 and 250 meters. This is shown in Fig.
3.8a where the blue line represents the set of locations for ﬁrst waypoint. Fig. 3.8b shows the
distance of each waypoint from the map for the two cases where RR = RC and RR = RD.
Having mode selection map deﬁned by RR = RC and RR = RD, for each waypoint on y-axis,
denoted as Yc0, with its value changing between 0 and 250, the handover rate and sojourn time
is calculated using (3.40), (3.42), and (3.23) for handover rate, and (3.45b) for sojourn time.
We take K = 30 discrete values of θ ∈ ψn. All other initialization parameters remain the same as
in Table 3.1. The simulation results corresponding to the performance metrics of the algorithm
are shown in Fig. 3.9 and 3.10.
As can be seen from Fig. 3.9, for the curves related to RR = RC , the handover rate increases
with a low slope until Yc0 ≈ 80. Referring to Fig. 3.8b, we realize that this is the point that
the distance from the map, dp is minimum. For Yc0 > 80, the handover rate decreases, and
lim
Yc0→∞
RH = 0. For the curves related to RR = RD, the handover rate increases slightly until
Yc0 ≈ 25. This is close to the ﬁrst intersection point of the blue line in Fig. 3.8a with the
map which corresponds to dp ≈ 0. After this point, the handover rate decreases sharply until it
reaches a local minimum at Yc0 ≈ 100. Then again the handover rate increases until Yc0 ≈ 210
where dp ≈ 0 and the blue line intersects with the map. Between these two intersections, as
it is seen from Fig. 3.8a, dp’s value starts from zero, reaches a maximum, and then at the
other intersection reaches zero again. Finally when Yc0 exceeds 210, the handover rate declines
sharply. One difference between the handover curves for RR = RC and RR = RD, is that the latter
comes with sharp changes and higher values for handover rate, however the former changes
smoothly. This is due to the fact that the waypoint line in the latter intersects with the map,
which causes to reach handover rate for close to border points.
Fig. 3.10 shows sojourn time as the other performance metric of the handover algorithm. The
two mode selection maps are for Yc0 changes between 0 and 250. By comparing curves in
Fig. 3.10 with the results in Fig. 3.9, it is seen that the changing in sojourn time follows the
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a) Mode selection map and the ﬁrst waypoint of the
moving UEc
b) Distance of the waypoint from the map
Figure 3.8 Waypoints and their distance from the map
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Figure 3.9 Handover rate
Figure 3.10 Sojourn time
opposite changes in handover rate. In other words, when handover rate increases the sojourn
time decreases and vice versa. This behavior can be explained also from Fig. 3.8b. When
dp decreases it means that the waypoint gets closer to the map, therefore the handover rate
increases but the sojourn time decreases since the average time that UEc moves without TM
change to the D2D UEs is reduced. However when dp increases, the handover rate decreases
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and the sojourn time increases. This is because with higher distance form the map, when the
velocity is constant, UEc moves further without intersecting with the map.
To validate our analytical calculation of the handover rate and sojourn time, for each speciﬁc
point on the blue line in Fig. 3.8a, we place UEc there and we generate a random direction,
θ and transition distance, L based on their distribution and the probabilistic characteristics as
summarized in Table 3.1. Then using (3.17) we calculate the intersection points and their total
number. Having these values, the handover rate and sojourn time are calculated using (3.23)
and (3.25) respectively. We iterate this procedure for the current location 106 times and then
we average out over the resulted values for handover rate and sojourn time. Applying these
steps for all points on the blue line, the results are shown in Fig. 3.9 and Fig. 3.10. As could
be seen the results from the simulation as discussed above validates the analytical results.
3.8 Conclusion
In this paper, we address the problem of vertical handover in D2D enabled 5G networks. Due
to cellular UE’s movement transmission mode between the D2D UEs might be change in order
to maximize the overall network throughput. We use the mode selection map of a D2D enabled
network and ﬁnd distance from the map and intersection with the map, as decision parameters
in the handover algorithm. Using these parameters, we develop a vertical handover algorithm.
We apply this algorithm on a sample network to check its functionality. Then to evaluate the
performance of the handover, we analytically derive handover rate and sojourn time for a D2D
enabled network. We consider a scenario where the ﬁrst waypoint of the moving cellular UE
is located on the y-axis and present the performance metrics when the ﬁrst waypoint changes.
We noticed that the handover rate increases as the ﬁrst waypoint gets closer to the map and
decreases as the ﬁrst waypoint gets farther from the map. The behavior of the sojourn time is
opposite of the handover rate and has a direct relation to the distance of the waypoint from the
map.
CONCLUSION AND RECOMMENDATIONS
The D2D transmission, being one of the features of LTE-A, brings proximity gain, hop gain,
reuse gain, and pairing gain to the network. However there are many issues that should be
resolved to optimally use it in cellular networks. In this work, we study problem of mode
selection map derivation and its application to mobility management. Our ﬁrst main objective
is to develop an analytical framework to ﬁnd the mode selection map of a simple D2D enabled
network for two different channel conditions: 1) LoS path-loss channel; 2) fading channel. The
second main objective is the development of a vertical handover mechanism using the mode
selection map.
4.1 General Conclusions
For mode selection derivation, the overall throughput of the network for the reuse, dedicated,
and cellular modes is calculated and presented in three different equations. When the channel’s
model is LoS path-loss, to ﬁnd the mode selection map, these equations are equalized two by
two and the resulted equation is solved. For the fading channel scenario, due to the probabilistic
variation of the channels the expectation of the network overall throughput is calculated for
three TMs and the resulted functions are equalized two by two and solved. For the LoS path-
loss scenario we derive the map for three different cases when UEc, UEs, and UEd are moving.
For the fading scenario we develop our analytical approach for the case of UEc moving in the
network.
We also study the vertical handover issue in D2D enabled network and propose a handover
algorithm for the case when UEc moves in the network assuming ﬁxed LoS channels. The al-
gorithm is relying on two decision parameters, i.e. distance from the map and intersection with
the map, which are analytical computed. To evaluate the performance of the handover mech-
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anism we present handover rate and sojourn time and we calculate them for a D2D enabled
network analytically using the mode selection map derived earlier.
In Chapter 1 we propose an analytical solution to ﬁnd the mode selection map of a single cell
D2D enabled 5G network consisting of two paired D2D UEs, one cellular UE, and one eNB.
D2D UEs select their TM among the reuse, dedicated, and cellular modes by choosing the one
that results in the highest overall throughput of the network; However, the cellular UE com-
municates with eNB in UL. We show that for ﬁxed transmission power and noise power while
having LoS channel, the selected TM for the communication between D2D UEs, depends on
each UE’s location. Moreover, we ﬁnd that there are disjoint regions in the network where if
a moving UE stays inside that region, the TM mode between D2D UEs will not change. We
realized that, depending on which UE moves in the network, there are three different cases to
formulate the mode selection map problem were two of them have been discussed in this chap-
ter. Using speciﬁc analytical approaches for each case, we ﬁnd a set of geometrical functions
that explicitly deﬁne the mode selection map. Using the results from our analytical solutions
we develop simulation scenarios for each case on a speciﬁc network and we realize that there
are certain regions deﬁned by equirate boundaries where if UEs or UEd is located there, one of
the TMs would be the best mode for the transmission between the paired D2D UEs.
In Chapter 2 we propose an analytical solution to ﬁnd the mode selection map of a single
cell D2D enabled 5G network over fading channels consisting of two paired D2D UEs, one
cellular UE, and one eNB. D2D UEs can select their TM among the reuse, dedicated, and
cellular modes; However, the cellular UE communicates with eNB in UL. We show that there
are disjoint regions in the network where if a moving UE stays inside that region, the TM
mode between D2D UEs will not change. Using the proposed analytical approaches, we ﬁnd
geometrical functions that are dependent on the transmission power and location of entities,
noise power, and standard deviation of fading and shadowing variables, that explicitly deﬁne
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the mode selection map. We use the results from our analytical solutions to develop simulation
scenarios for each case on a speciﬁc network. Although the fast fading and shadowing effect
causes changes in communication channels, their statistics remains unchanged. Therefore, the
resulted map is constant, in spite of channel ﬂuctuations and it can be a reliable source for
applications such as mode selection, resource allocation, mobility management and handover.
Finally in Chapter 3 we address the problem of vertical handover in D2D enabled 5G networks.
Due to cellular UE’s movement, transmission mode between the paired D2D UEs might be
required to change to keep the overall network throughput at the highest possible. We use the
mode selection map of a D2D enabled network to ﬁnd distance from the boundaries of the
map and intersection with these boundaries, as decision parameters of the handover algorithm.
Using these parameters, we present the vertical handover algorithm in a ﬂowchart that shows
how the handover mechanism works. We apply this algorithm on a sample network to check its
functionality. Then to evaluate the performance of the handover algorithm, we derive handover
rate and sojourn time for a D2D enabled network analytically. We consider a scenario where
the ﬁrst waypoint of the moving cellular UE is located on y-axis and present the performance
metrics when the ﬁrst waypoint changes. We realized that the handover rate increases as the
ﬁrst waypoint gets closer to the boundary and its value decreases as the ﬁrst waypoint gets
further from the boundary. For the sojourn time its changing behavior is opposite with the
handover rate and has a direct relation to the distance of the waypoint from the boundary of the
map.
4.2 Future Works
This research work addressed the mode selection map derivation and vertical handover mech-
anisms issues in D2D enabled networks. Some perspectives for the continuation of this thesis
are listed below:
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• The derivation of the mode selection map for the case of having fading channels between
involved entities in the network when 1) UEs moves in the network but UEd and UEc are
ﬁxed, 2) UEd moves in the network but UEs and UEc are ﬁxed;
• Study the D2D transmission range for different modes in LoS path-loss and fading scenarios;
• Development of possible handover mechanisms for D2D enabled networks considering QoS
parameters in addition to mode selection map;
• Study off-loading and resource allocation techniques in D2D enabled network using the
mode selection map.
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Abstract
Device-to-Device (D2D) communication is one of the new features introduced for Long Term
Evolution-Advanced (LTE-A) and beyond networks. In this paper, we address the problem of
communication mode selection for a pair of User Equipments (UEs). In particular we assume
that the paired UEs can choose from the reuse, dedicated, and cellular modes. While this prob-
lem was treated in the literature for Single-Input-Single-Output (SISO) case, we derive models
for networks where UEs and evolved-Node-Bs (eNBs) exploit Multiple-Input-Multiple-Output
(MIMO) techniques with four antennas at each side. This approach requires design of the
pre-coding matrices at each node which poses a challenge in the reuse mode due to the non-
convexity problem. To solve this issue we propose a distributed iterative algorithm. The nu-
merical study compares the performance of the MIMO based approach with that of the SISO
case, and the results show that the presented MIMO based mode selection method provides
signiﬁcantly higher network throughput than that of the SISO based mode selection method
for the same D2D transmission range.
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Introduction
In LTE-A and 5G, existence of the ad-hoc networks as an underlying platform for the cellular
networks which could share the same radio resources is the D2D transmission alternative. Al-
lowing direct communication between UEs, D2D enhances the spectrum utilization, increases
the cellular capacity, improves user throughput, and extends the battery lifetime of UEs.
To maximize the throughput, the transmission between the D2D enabled paired UEs, should
be able to operate in multiple modes. The direct D2D transmission can be done either in the
reuse mode or the dedicated mode. In the reuse mode D2D UEs and cellular UEs (i.e. the UEs
which transmit data to their pair device through eNB) share some resources in Uplink (UL)
or Downlink (DL) of the cellular network. However in the dedicated mode, a portion of the
cellular network resources is reserved for D2D devices which cellular UEs are not allowed to
use it. In addition to these two modes, the transmission between D2D enabled paired UEs can
also be arranged in cellular mode which the trafﬁc is relayed through the eNB as in traditional
cellar communications.
The reuse mode should provide better spectrum efﬁciency since multiple users would be able
to share the same resources to transmit their data. On the other hand, the dedicated mode and
cellular mode ease the task of interference management. However, these two modes may not
utilize the resources efﬁciently to maximize the overall network throughput. Therefore, the
major issue in D2D transmission is how to select the best transmission mode for D2D enabled
paired UEs so that the overall network throughput is maximized and the QoS requirements are
satisﬁed. In (Zulhasnine et al., 2010; Doppler et al., 2010; Yu et al., 2011) the authors have
presented different approaches to deal with this issue of mode selection. The D2D and cellular
link quality and the interference situation of each possible sharing mode has been considered
in (Zulhasnine et al., 2010) and ﬁnally here, the authors consider the selection of a mode
that provides the highest sum-rate while satisfying the Signal-to-Noise-and-Interference-Ratio
(SINR) constraint of the cellular network in both single-cell and multiple-cell is considered. In
their model each cell includes one D2D pair and one cellular user. In (Doppler et al., 2010)
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the authors have presented a mode selection scheme with power control in a single-cell and
multi-cell scenarios where one D2D link and one cellular user reuse the same resources. In
that work, the users are subject to spectral efﬁciency restrictions and maximum transmission
power or energy constraints. Their method enables a more reliable D2D transmission with
limited interference to the cellular network compared to simpler mode selection procedures
which forces all D2D terminals to reuse the same resources as the cellular communication. In
(Yu et al., 2011) a joint optimum resource allocation and power control between the cellular
and D2D connections that share the same resources have been analyzed for different resource
sharing modes in both single-cell and multi-cell scenarios. In their method the cellular user
with a higher channel quality will share the resource with a D2D link which causes lower
interference.
As LTE-A UEs, D2D transceivers can use multiple antennas and MIMO schemes to increase
data throughput and link coverage without increasing transmission power or bandwidth. MIMO
technique spreads the transmission power over multiple antennas to achieve an array gain with
more bits per second per hertz of bandwidth and a diversity gain to mitigate the effect of fad-
ing. A major requirement for using MIMO technology in D2D transmissions is the design
of efﬁcient precoders. The design should minimize transmission power in order to minimize
the interference caused to the neighbors while guaranteeing the QoS requirements. In (Janis
et al., 2009), some interference-avoiding precoding schemes have been proposed for downlink
MIMO transmissions in the presence of intra-cell D2D links. In (Min et al., 2011), a new inter-
ference management strategy is proposed to enhance the overall capacity of cellular networks
and D2D systems when the eNB equipped with multiple antennas enables multiple cellular
UEs to communicate simultaneously with the help of MIMO spatial multiplexing techniques.
In (Fodor and Reider, 2011) the authors propose a new distributed power control algorithm that
iteratively determines the SINR targets in a mixed cellular and D2D environment for MIMO
and SISO scenarios and allocates transmit powers such that the overall power consumption is
minimized subject to a sum-rate constraint.
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In this paper, we study the mode selection problem in an LTE-A cellular network where the
UEs and eNBs are exploiting multiple antennas. Previous works which considered MIMO for
D2D transmission, either have discussed the power control issue without precoder design, or
have applied precoding just for the eNB. In our study, since four by four MIMO is allowed
in LTE-A for UEs and eNBs, we apply a precoding strategy for four antennas. The value of
the precoding matrices is determined in the mode selection problem, which gives the high-
est throughput among all transmission modes after solving the optimization problem for each
mode. Although the solutions of the optimization problems for dedicated and cellular modes
are straightforward, the solution for the reuse mode is complex because of the non-convexity
problem. Therefore, a convex approximation of the throughput function, based on the method
presented in (Zhao et al., 2012) is given, which leads to a distributed iterative algorithm to ﬁnd
the efﬁcient precoders. Comparing with SISO transmission, by designing efﬁcient precoders
and applying our mode selection algorithm, the overall throughput of the network is shown to
signiﬁcantly increase while the same SINR target is achieved with higher D2D range.
This paper is organized as follows: Section 3 describes the system model and formulates prob-
lem of mode selection considering multiple antennas at UEs and eNB. In Section 4, a convex
approximation of the optimization problem for the reuse mode is presented and an iterative
algorithm to solve it is discussed. Simulation results are presented in Section 5, and Section 6
highlights our ﬁndings.
3. System Model
We consider a single cell scenario with one pair of D2D enabled UEs (UETX and UERX) and a
single cellular UE (UEC). These nodes in addition to the eNB are assumed equipped with four
antennas which enable them to use precoding/decoding techniques. The precoders are also
designed for efﬁcient transmission. However, in this paper, we only use spatial multiplexing,
and do not apply MIMO coding scheme such as Space-Time Block Codes (STBC). Hence the
codeword covariance matrix (Q) is equal to the identity matrix, i.e. Q = I.
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The transmission between UETX and UERX can be done in reuse, dedicated, or cellular mode,
while communication between UEC and eNB is always in cellular mode. For simplicity we
only considered one way transmission for (UETX,UERX) and (eNB,UEC) pairs. The notation
(a,b) implies that transmission occurs from (a) to (b) only.
A quasi-static Rayleigh ﬂat fading model is applied to determine Channel State Information
(CSI) matrices in an urban area. Another important assumption is that each transmitter knows
the CSI matrix of all the channels between it and the receiving nodes using the feedback pro-
vided by its paired receiver (UE or eNB).
Fig.I-1 represents a cellular network with UETX and UERX as D2D pair, and UEC as the cellular
user. Note that the interference channel, which is shown in the model by black dashed arrows,
is present only in the reuse mode, in which case the resources are shared between (UETX,UERX)
and (eNB,UEC) for transmission. The desired signal ﬂow is shown by solid arrows.
Figure-A I-1 Transmission in a D2D enabled LTE-A network
As discussed before the precoding is applied in all transmission modes, at the transmitters
i.e. UETX, and eNB. The received signals at receivers, i.e. UERX, and UEC, for different
transmission modes are expressed as follows:
yReD2D = HWRexD2D +F2UCRexE2C + N
Re
D (A I-1a)
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yReE2C = JUCRexE2C +G1WRexD2D + N
Re
c (A I-1b)
yDedD2D = HWDed xD2D + N
Ded
D (A I-2a)
yDedE2C = JUCDed xE2C + N
Ded
c (A I-2b)
yCellD2E = F1U
UL
D2DxD2E + N
Cell
E (A I-3a)
yCellE2D = F2U
DL
D2DxE2D + N
Cell
D (A I-3b)
yCellE2C = JUcxE2C + N
Cell
c (A I-3c)
The description for transmit and receive signals in the above equations for different modes, is
summarized as follows:
Table-A I-1 Description and furmulaiton notation of the transmit and receive signals
Description
Formulation Notation
Reuse Dedicated Cellular
Received signal at UERX yReD2D y
Ded
D2D y
Cell
E2D
Received signal at UEC yReE2C y
Ded
E2C y
Cell
E2C
Received signal at eNB - - yCellD2E
Transmitted signal from UETX xD2D xD2D xD2E
Transmitted signal from eNB xE2C xE2C xE2C , xE2D
Received noise at UERX N ReD N
Ded
D N
Cell
D
Received noise at UEC N ReC N
Re
C N
Re
C
Received noise at eNB - - NCellE
Precoding matrix at UETX W Re WDed UULD2D
Precoding matrix at eNB UCRe UCDed UC ,UDLD2D
For the cellular mode since transmission between UETX and UERX is done in UL and DL, for
each link we haveUULD2D andU
DL
D2D precoding matrices applied to xD2E at UETX and to xE2D at
eNB, respectively, and for the DL link of the UEC we have appliedUC in eNB. All the precod-
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ing matrices are four by four with their values determined during the mode selection procedure.
As shown in Fig.I-1, H , G1, G2, F1, F2, and J are the four by four CSI matrices of the MIMO
channels between the nodes in the network. We have considered a quasi-static Rayleigh ﬂat
fading channel model as discussed in [8] to generate the CSI matrices. For example for the H
matrix the value of its elements
[
hi j
]
, are as follows:
hi j =
√
c
1
dαi j
√
si j zi j (A I-4)
In this expression, di j is the distance between i’th antenna at the transmitter and j’th antenna
at the receiver. We assume di js are constant. The di js corresponding to the CSI matrices H ,
G1, G2, F1, F2, and J , are dD2D, dD2C , dC2D, dD2E , dE2D, and dE2C respectively. α is the
pathloss exponent; c is the propagation constant. Si j = 10
si j
10 is a log normal shadow fading
variable, where si j is a zero mean Gaussian random variable with standard deviation v. zi j
is modeled as a set of normalized Gaussian random variables, assumed to be independent for
each transmit-receive link.
Equations (A I-1a) and (A I-1b), represent the received signals at reuse mode. In these equa-
tions, the ﬁrst term is the desired signal, the second term is the interference from the other
transmitter, and the third term is the Gaussian noise vector. Since there is no interference in
dedicated and cellular modes, in equations (A I-2a) and (A I-2b), and (A I-3a)–(A I-3b), only
the desired signal term and the Gaussian noise term appear in the formulation.
The approach to ﬁnd the overall rate of transmission in different modes having SISO nodes is
discussed in (Doppler et al., 2010). Here we generalize those formulations considering UEs
and eNB having multiple antennas and the transmitters applying precoding:
RRe = log2 |I4 +
(HWReWTReH
T )PUE
(F2UCReUTCReF
T
2 )PeNB + N0I4
|
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+ log2 |I4 +
(JUCReUTCRe J
T )PeNB
(G1WReWTReG
T
1 )PUE + N0I4
| (A I-5a)
RDed =
1
2
log2 |I4 +
(HWDedWTDedH
T )PUE
N0I4
+
1
2
log2 |I4 +
(JUCDedUTCDed J
T )PeNB
N0I4
| (A I-5b)
RCell =min
⎛
⎜
⎜
⎜⎝14 log2 |I4 + (F1U
UL
D2DU
UL
D2D
TFT1 )PUE
N0I4
|, 1
4
log2 |I4 +
(F2UDLD2DU
DLT
D2DF
T
2 )PeNB
N0I4
|
⎞
⎟
⎟
⎟⎠
+
1
2
log2 |I4 +
(JUCUTC J
T )PeNB
N0I4
| (A I-5c)
RRe, RDed , and RCell stands for the overall rate of the network in reuse, dedicated, and cellular
mode respectively. PUE and PeNB are the total transmit powers at UEs and eNB respectively,
and I n is an (n × n) identity matrix. To formulate the rate equations the resource allocation
strategy in Fig.I-2 has been considered for different modes.
Figure-A I-2 Resource allocation strategy for different transmission modes
In equations (A I-5a) and (A I-5b), the ﬁrst term is the rate of the D2D transmission, and
the second term stands for the rate of the cellular transmission. In (A I-5c) since the D2D
transmission works in cellular mode, which is happening in UL and DL in cascade, the ﬁrst
term derived as min (a,b) which a and b are UL and DL rates respectively, and the second term
is for the DL link of UEC.
Having the overall rate for each mode, the optimization problem determines the proper precod-
ing matrices which are formulated as follows:
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max(RRe)
γUEmin ≤ SINRReUEC
γUEmin ≤ SINRReUERX
s.t.
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(A I-6a)
tr (WReWTRe) = 1
tr (UCReUTCRe) = 1
max(RDed)
γUEmin ≤ SINRDedUEC
γUEmin ≤ SINRDedUERX
s.t .
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(A I-6b)
tr (WDedWTDed) = 1
tr (UCDedUTCDed) = 1
max(RCell )
γUEmin ≤ SINRCellUEC
γUEmin ≤ SINRCellUERX
γeNBmin ≤ SINRCelleNB
s.t.
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(A I-6c)
tr (UULD2DU
UL
D2DT ) = 1
tr (UDLD2DU
DL
D2DT ) = 1
tr (UcUTc ) = 1
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The formulations presented in (A I-6a)–(A I-6c) contain two type of constraints: the SINR
constraints of the UEs and eNB which are in the form of γRX typemin < SINR
Mode
RX , and constant
average sum of transmit power constraints which for a desired precoding matrix W are in the
form of tr
(
WWT
)
= 1. γRX typemin is the minimum acceptable SINR at each RX type (UE or
eNB), SINRModeRX is the SINR of each RX (UEC, UERX, or eNB) for a determined transmission
Mode. The function tr (A) represents trace of the matrix A.
Solving (A I-6a) is straightforward since it is a convex optimization problem. To solve (A I-6c),
a small reasonable modiﬁcation such as min (a,b) ≈ (a+b)2 is applied to make it concave. How-
ever the optimization problem in (A I-6a) is non-convex problem as discussed in (Zhao et al.,
2012). Later, we present an iterative algorithm to ﬁnd the efﬁcient precoding matrixes in the
reuse mode.
As soon as the optimum rates for different modes are determined, the mode selection algorithm
chooses the optimum mode - the one with the highest rate as follows:
Optimum mode = arg max
i=Re,Ded,Cell
(Ri) (A I-7)
4. Distributed convex approximation and the iterative algorithm
As discussed in the previous section, efﬁcient design of precoders in the reuse mode leads to
a non-convex optimization problem which is hard to solve. In this section we investigate this
problem, by a convex approximation of (A I-6a) and present an iterative solution.
The network model in the reuse mode can be considered as a MIMO interference channel as
shown in Fig.I-3.
Based on the formulation in (Zhao et al., 2012) the rate for different links in the network for
the reuse mode is as follows:
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Figure-A I-3 MIMO interference channel in reuse mode
R1 = logdet(I4 + (WTReH
TB−11 HWRe)PUE ) (A I-8a)
R2 = logdet(I4 + (UTCRe J
T B−12 JUCRe)PeNB) (A I-8b)
Where R1 is the rate of the D2D transmission, and R2 is the rate of the eNB to UEC link. B1
and B2 are the noise plus inter-user interference terms deﬁned as:
B1 = (F2UCReUTCReF
T
2 )PeNB + N0I4 (A I-9a)
B2 = (G1WReWTReG
T
1 )PUE + N0I4 (A I-9b)
Following (A I-9a) and (A I-9b), the optimization problem in (A I-6a) can be reformulated as:
max(R1 + R2)
γUEmin ≤ SINRReUERX
γUEmin ≤ SINRReUEC
s.t.
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(A I-10)
tr (WReWTRe) = 1
tr (UCReUTCRe) = 1
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As discussed in (Zhao et al., 2012) a convex approximation of (A I-10) which lead to a dis-
tributed iterative algorithm is achieved by introducing linear receiver ﬁlters, U1 and U2, as
auxiliary optimization variables, i.e. UERX and eNB respectively. Then the rates of the two
receivers becomes:
R1 = logdet(I4 + (WTReH
TUT1 (U
T
1 B1U1)
−1U1HWRe)PUE ) (A I-11a)
R2 = logdet(I4 + (UTCRe J
TUT2 (U
T
2 B2U2)
−1U2JUCRe)PeNB) (A I-11b)
And the SINR formulas, having the decoders therefore would be as follows:
SINRReUERX
l =
U [l]
T
1 (HW
[l]
ReW
[l]T
Re H
T )U [l]1 PUE
U [l]
T
1 (Σ
L
n=1
n1
(HW [n]ReW
[n]T
Re H
T )PUE + B1)U
[l]
1
(A I-12a)
SINRReUEC
l =
Ul
T
2 (JU
[l]
CReU
[l]T
CRe J
T )Ul2PeNB
U [l]
T
2 (Σ
L
n=1
nl
(JU [n]CReU
[n]T
CRe J
T )PeNB + B2)U
[l]
2
(A I-12b)
Where SINRReUERX
l and SINRReUEC
l stands for the SINR of the received signal at UERX and
UEC’s l’th layer after applying the decoders. The SINR constraints should be satisﬁed for all
L MIMO layers. It should be noted that for dedicated and cellular transmission the inter-user
interference terms appear in SINR formulas should be canceled out. M [l] is the l’th column of
the matrix M .
There would be no capacity loss i.e. the R1 and R2 terms in (A I-8a) and (A I-8b), and (A I-11a)
and (A I-11b) would be equal as long as the following optimal linear receiver ﬁlters are applied:
U1 = B−11 HWRe (A I-13a)
U2 = B−12 JUCRe (A I-13b)
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By presenting the receiver ﬁlters, the non-concave optimization problem in (A I-10) is approx-
imated with the following two new distributed convex problems which should be iteratively
solved at the corresponding transmitters.
max(logdet((H˜TW1H˜)PUE ) − tr (I4 + N−12 (G˜T1W1G˜1)PUE ))
U [l]1
⎛
⎜
⎜
⎜
⎜
⎜⎝(H ((
L∑
n=1
nl
W [n]ReW
[n]T
Re )γ
UE
min −W [l]ReW [l]
T
Re )H
T )PUE
⎞
⎟
⎟
⎟
⎟
⎟⎠U [l]1
+ ((F2W
p
2 F
T
2 )PeNB + N0I4)γ
UE
min < 0, f or l = 1,. . . ,L
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+((F2W2FT2 )PeNB + N0I4)γ
UE
min ≤ 0, f or l = 0,. . . ,L
tr(W2) = 1
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In the above equationsW 1 =W ReWTRe,W 2 =UCReU
T
CRe. W
p
1 =W
p
ReW
p
Re
T andW p2 =U
p
CReU
p
CRe
T
are positive semi-deﬁnite matrixes deﬁned by the optimum achieved precoding matrices at
the previous iteration, N1 = N0UT1U1, N2 = N0U
T
2U2, H˜  H
TU1, J˜  JTU2, F˜2  FT2U1,
G˜1  GT1U2.
The algorithm to ﬁnd the proper values based on (Zhao et al., 2012), is summarized in Table
AI-2.
Table-A I-2 Iterative distributed convex optimization algorithm to ﬁnd precoding
matrices in reuse mode
InitializeW pRe andU
p
CRe, that should be feasible in their cor-
responding constraints.
Repeat
Stage 1: Find the optimal value for the receiver ﬁlters U k ,
using (A I-13a) and (A I-13b), given
{
W
p
Re andU
p
CRe
}
.
Stage 2: To ﬁnd the precoding matrixes, ﬁrst solve W Re
and UCRe from (A I-14) and (A I-15) given the current
{U k , k = 1,2} and
{
W
p
Re andU
p
CRe
}
, and then substitute
W
p
Re =W Re andU
p
CRe =UCRe.
Until approximate convergence.
Find the Rk values using (A I-8a) and (A I-8b), then calcu-
late RRe = R1 + R2.
Although the convergence of the proposed algorithm is not analytically proved in [7], its con-
vergence is observed in all the simulated cases. In the next section we will discuss the simu-
lation results of the presented mode selection method for MIMO nodes and we compare with
the SISO case.
5. Simulation Results
We evaluate the performance of the mode selection algorithm for the MIMO and SISO cases
for the network scenario from Fig.I-1 where we have one pair of D2D enabled UEs and a
cellular UE which is connected to eNB, and all equipments have four antennas in the MIMO
mode. The parameter values used in the simulation are summarized in Table AI-3.
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Table-A I-3 Simulation parameters
Parameter Value
Bandwidth 1.25 MHz
Cell radius 3Km
N0 -142.88 dB (at 25◦C)
PUE 23 dBm
PeNB 46 dBm
α 3 (for urban area)
v 7 dB
γUEmin -9 dB
γeNBmin -7 dB
UETX and UERX are ﬁxed in the network with the normalized distance of L from each other and
both are at the normalized distance of D from eNB. The mode selection map of the network
is as follows: we calculated the network performance for UEC location at each point of a
position matrix inside the cell, where the points have 200m distance in x, and y directions.
For each point the rate optimization in all modes is executed for 50 different realization of
the channel, and the mode selection is applied on the mean rate value of each mode. For the
SISO transmission the mode selection is applied without precoding at transmitters. The mode
selection map of the MIMO and SISO, for the case of D = 0.7, and L = 0.5 is depicted in
Fig.I-4a, and I-4b.
By comparing visually the mode selection maps of MIMO and SISO scenarios, it can be seen
that when the UEC is far from the D2D UEs, for example when it is located at the bottom of the
cell, the reuse mode is best. As soon as the UEC gets closer to the D2D UEs the mode selection
policy changes for MIMO and SISO cases. Namely, as seen from Fig.I-4b, a very close UEC to
UERX distance will lead to cellular mode selection and as the distance of the UEC from UERX
increases, the mode changes into dedicated and then reuse mode.
To further investigate the effect of using MIMO techniques for D2D transmission, the mean
rate of the network for different values of normalized distances, D and L, is depicted in Fig.I-
5a, and I-5b.
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(a) MIMO
(b) SISO
Figure-A I-4 Mode selection map for D = 0.7, and L = 0.5
As these ﬁgures show and as expected, for the same amount of transmit power, the overall
throughput of the network for MIMO case is considerably higher than the SISO scenario. The
higher performance comes from the spatial multiplexing gain which achieved by designing
efﬁcient precoders at the transmitter and applying the proposed mode selection algorithm.
Fig.I-6 shows the mean overall MIMO to SISO rate ratio, which represents the gain of using
MIMO precoding in D2D. For this simulation, using the MIMO mode selection algorithm
results in a linear gain of 5.9-6.3 in the best case of L = 0.1, depending on the different values
of D. As could be seen for close D2D range the gain of using MIMO is higher and it decreases
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(a) MIMO
(b) SISO
Figure-A I-5 Achievable rate of the network
as L increases. Moreover, as L becomes larger, the value of gain stabilizes in the range 4.6-4.8
for all values of D.
As could be seen in Fig.I-6 the different MIMO to SISO gain curves for different Ds intersect.
It shows that at ﬁrst which L has small value, the MIMO to SISO gain is higher for smaller Ds,
then at certain point for L, the gain for greater values of D is higher, and by increasing L again
the gain for smaller values of D would be higher.
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Figure-A I-6 Rate ratio of MIMO and SISO scenarios
6. Conclusions
In this paper, we studied the mode selection problem in a cellular network where UEs and
eNBs exploit MIMO techniques with four antennas at each node. The approach presented here
required the design of the precoding matrixes at each node, which is a challenge in the reuse
mode due to the non-convexity of the optimization problem. We proposed a distributed iterative
algorithm to solve this problem. Numerical studies show that using the proposed method for
MIMO mode selection the overall network throughput can increase 5.9-6.3 times in some cases
depending on D2D range and their distance to eNB.
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Abstract
Device-to-Device (D2D) transmission is a promising technology which enables the User Equip-
ments (UE) in 5G cellular networks to directly communicate without going through the evolved
Node-B (eNB). In such networks UEs should select a Transmission Mode (TM) amongst reuse,
dedicated, and cellular modes by maximizing the overall transmission throughput or referring
to a mode selection map. The selection map identiﬁes the mode which results in the highest
data rate given the current state of the network. This paper presents a new analytical frame-
work for the derivation of the selection map of D2D enabled cellular networks. While this
problem was treated in the literature through numerical simulations, our approach is analytical
and consequently fast and precise.
Introduction
In a conventional cellular system, all communications take place through the base stations.
Device-to-Device (D2D) transmission is a promising technology which enables the User Equip-
ment (UE) in 5G cellular networks to directly communicate without going through the evolved
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Node-B (eNB). This technique would result in lower power and latency and as result higher
overall network throughput.
To achieve the maximum overall throughput, D2D enabled UEs are allowed to operate in dif-
ferent TMs which includes, reuse, dedicated, and cellular modes. To better understand these
TMs Fig.II-1. presents a D2D enabled 5G network , which includes a pair of D2D enabled
UEs,( UEs and UEd) and a pair of cellular devices, i.e. UEc, with eNB working in cellular
Up-Link (UL). Referring to Fig.II-2. in the cellular mode, the transmission between UEs is
indirect, through the eNB, however in the reuse and dedicated modes, transmission is direct
between UEs and UEd. Moreover in the dedicated and cellular modes, both transmitters in the
network, i.e. UEs and UEc, do not share channel resources, however in the reuse mode, they
share channels . Therefore in the reuse mode, interference at UEd would be from UEc and at
eNB from UEs while in the cellular and dedicated modes there would be no interference at
the receivers. Hence reuse mode is preferred in terms of spectrum efﬁciency. On the other
hand, the dedicated and cellular modes ease the task of interference management since the
transmitters do not interfere with the unpaired receivers.
Figure-A II-1 D2D enabled 5G network
The main issue in a D2D enabled network is to select the optimal mode for transmission be-
tween the D2D enabled UEs. For a ﬁxed power scenario, this selection strongly depends on
the location of the UEc, as an interferer. Assuming that the position of UEs and UEd is ﬁxed,
the optimal mode at UEs depends on the relative position of UEc as well as its power. The
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collection of such positions labeled with their optimal mode is called the mode selection map
of the D2D enabled network. Such a mode selection map can be derived periodically and used
by the Mobility Management Entity (MME) or eNBs to decide on vertical handover.
Figure-A II-2 Modes in D2D enabled 5G networks
There are several studies dedicated to the issue of mode selection in D2D enabled networks.
The D2D and cellular link quality and the interference of each possible sharing mode has been
considered in (Zulhasnine et al., 2010). In that paper, the mode which results in the highest
sum-rate is selected. They have considered a Signal-to-Noise-and-Interference-Ratio (SINR)
constraint to ensure having the required Quality of Service (QoS) of the cellular network for
single-cell and multiple-cell scenarios. Authors in (Doppler et al., 2010) have presented a mode
selection scheme with power control where the same resources are reused by one cellular user
and one D2D pair in a single-cell and multi-cell scenario. Maximum transmission power or en-
ergy constraints and spectral efﬁciency restrictions applied to the users. A more reliable D2D
transmission with limited interference to the cellular network is reached using the presented
method compared to a simpler mode selection procedure which forces all D2D terminals to
reuse resources used by the cellular users. In (Yu et al., 2011) a joint optimum resource alloca-
tion and power control between the cellular and D2D users that share the same resources have
been analyzed for different resource sharing modes in both single-cell and multi-cell scenarios.
In their method a cellular user with higher channel quality shares the resource with a D2D
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link which causes lower interference. In (Liu et al., 2012b) the authors analyze the underlay
and overlay mode selection of D2D communication in the LTE-A single-cell scenario in the
presence of a relay node. They show that whether D2D users can reuse the cellular uplink re-
source or not is affected by the system parameters. Speciﬁcally the underlay mode is preferred
when the cellular user is closer to the eNB (or relay node) than the D2D user. In (Yu et al.,
2014) a joint mode selection, channel assignment, and power control in D2D communications
are addressed. Authors in (Yu et al., 2014) aim at maximizing the overall system throughput
while guaranteeing the SINR of both D2D and cellular links by developing low-complexity
algorithms according to the network load. Finally in (Morattab et al., 2015) the authors have
addressed the problem of mode selection based on the highest rate for a pair of users equipped
with multiple antennas. The users exploit Multiple Input Multiple Output (MIMO) precoding
to achieve higher data rates in all modes and to reduce the interference. A mode selection
map in [6] has been achieved using numerical simulations which speciﬁes the best transmis-
sion mode between paired users for different positions of the cellular user. It has been shown
that MIMO D2D reaches signiﬁcantly higher rates using the precoding technique and mode
selection method.
The mode selection algorithms presented above are based on numerical simulations which are
somewhat complex, time consuming, and inefﬁcient. Moreover the aforementioned researches
are focused on the problem of mode selection without discussing the mode selection map. In
this paper, we present a comprehensive and tractable analytical framework to derive the mode
selection map of a D2D enabled 5G network. To the best of our knowledge this is the ﬁrst
proposal of such an analytical framework. We then use this framework to develop an algorithm
which results in the detailed mode selection map with high precision.
The remainder of this paper is organized as follows: Section 3 describes the system model
and formulates the overall throughput of the network for reuse, dedicated, and cellular TMs.
Section 4, consists of two parts. In Section 4.1 we develop an analytical solution to the problem
of ﬁnding the mode selection map. In the Section 4.2 an algorithm for developing the mode
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selection map based on the results of previous section is presented. Simulation results are
presented in Section 5. Section 6 highlights our ﬁndings.
3. System Model
We consider a single cell scenario with one pair of UEs (UEs as the source UE and UEd as the
destination UE) and a single cellular UE (UEc) which operates in cellular Up-Link (UL) mode,
as shown in Fig.II-1. For simplicity it is assumed that all UEs and the eNB use a single antenna
for transmission, however our model can be extended for entities with multiple antennas.
A quasi-static Rayleigh ﬂat fading model, as discussed in (Dai et al., 2004), is applied to
determine fading channel gain coefﬁcients, i.e. hi js between transmitter i and receiver j, as
follows:
hi j =
√
c
1
dαi j
√
si j zi j =
√
Kij
dαi j
(A II-1)
In the above expression, di j is the distance between transmitter i and receiver j, which i is
either s or c representing UEs and UEc , respectively. Likewise j is either d or e for UEd
and eNB, respectively; Kij = csi j z2i j is a random number; α is the pathloss exponent; c is the
propagation constant; Si j = 10si j/10 is a log normal shadow fading variable, where si j is a zero
mean Gaussian random variable with standard deviation v. zi j is modeled as a set of normalized
Gaussian random variables, assumed to be independent for each transmit-receive link.
The received signals, y, at UEd and eNB, from the transmitters with power P for different
modes are as follows:
yRd =
√
PshdsxRs +
√
PchcsxRc + n (A II-2)
yRe =
√
PchcexRc +
√
PshsexRx + n (A II-3)
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yDd =
√
PshdsxRs + n (A II-4)
yDe =
√
PchcexRc + n (A II-5)
yce1 =
√
PshsexRs + n (A II-6)
ycd =
√
PehesxRe + n (A II-7)
yce2 =
√
PchcexRc + n (A II-8)
where x is the unit power of transmitted signal, n is the white Gaussian noise with power N0,
R, D, andC as superscripts representing reuse, dedicated, and cellular modes, respectively, and
s, d, c, and e are subscripts which represent UEs, UEd, UEc, and eNB, respectively.
We assume that the transmitters exploit near capacity channel coding, therefore the data rate,
would be almost equal to the capacity. Then the overall throughput of the network for each
mode is as follows:
RR = log2
(
1+
|hsd |2Ps
|hcd |2Pc + N0
)
+ log2
(
1+
|hce |2Pc
|hse |2Ps + N0
)
(A II-9)
RD =
1
2
(
log2
(
1+
|hsd |2Ps
N0
)
+ log2
(
1+
|hce |2Pc
N0
))
(A II-10)
Rc =
1
2
(
min
(
log2
(
1+
|hse |2Ps
N0
)
,log2
(
1+
|hed |2Pe
N0
))
+ log2
(
1+
|hce |2Pc
N0
))
(A II-11)
Having the overall throughput for different modes, we develop an analytical approach to ﬁnd
the mode selection map. In the following section we present the approach.
4. Analytical Solution and TM Selection Map Algorithm
In Part A, we develop an analytical approach to ﬁnd the exact formulations and conditions
to specify the mode selection map of the D2D enabled 5G network. In part B, we use these
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results to propose an algorithm for developing the mode selection map. The map is a set of
contours that specify the border of the regions where a speciﬁc mode gives the highest overall
throughput.
4.1 Analytical Approach to Find the Mode Selection Map
For simplicity we assume that the locations of UEs and UEd are ﬁxed while UEc location can
vary. Assume dcd = X and dce = Y . We want to ﬁnd the geometrical areas inside the cell
that, if UEc is located there, a speciﬁc mode between UEs and UEd would result in the highest
overall throughput. To address this issue we need to ﬁnd the locus for points which satisfy the
following equations:
RR = RD (A II-12)
RR = RC (A II-13)
We rewrite the equations (A II-9)–(A II-11) as follows:
RR = log2
((
1+
a1
a2x +1
)
(1+ a3y)
)
(A II-14)
RD =
1
2
log2(a
′
1(1+ a4y)) (A II-15)
RC =
1
2
log2(a5(1+ a4y)) (A II-16)
where a1, a
′
1, a2, a3, a4, and a5 are constant parameters, while x and y are variables deﬁned as
follows:
a1 =
KsdPs
dαsdN0
(A II-17)
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a′1 = 1+ a1 (A II-18)
a2 =
KcdPc
N0
(A II-19)
a3 =
KcePc
dαce
(KsepS
dαse
+ N0
) (A II-20)
a4 =
KcePc
N0
(A II-21)
a5 = min
(
1+
KsePs
dαseN0
,1+
KedPe
dαedN0
)
(A II-22)
x =
1
Xα
(A II-23)
y =
1
Y α
(A II-24)
By deﬁning x and y in (A II-23) and (A II-24) as a function of variable distances X and Y,
shown in Fig.II-1, they both should have positive values.
We notice that RD and RC in equations (A II-15) and (A II-16) have the same form. In fact
RD’s equation in (A II-15) is a special case of RD in (A II-16) where a
′
1 is substituted instead
of a5. Therefore we need to ﬁnd the locus only for equation (A II-13) and then the results can
be applied to equation (A II-12) by substituting a
′
1 with a5. It should be noticed that RD and RC
intersect only if a5=a
′
1 otherwise if a5>a
′
1 then RC>RD and if a5<a
′
1 then RC<RD.
Based on (A II-13), we have the following relations:
log2
((
1+
a1
a2x +1
)
(1+ a3y)
)
=
1
2
log2(a5(1+ a4y)) (A II-25)((
1+
a1
a2x +1
)
(1+ a3y)
)2
= a5(1+ a4y) (A II-26)
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which becomes:
a23(a
′
1 + a2x)
2y2 + (2a3(a′1 + a2x)
2 − a4a5(1+ a2x)2)y
+ ((a′1 + a2x)
2 − a5(1+ a2x)2) = 0 (A II-27)
and be simpliﬁed as:
f (x,y) = ay2 + by + c = 0 (A II-28)
a = a23(a
′
1 + a2x)
2 (A II-29)
b = 2a3(a′1 + a2x)
2 − a4a5(1+ a2x)2 (A II-30)
c = (a′1 + a2x)
2 − a5(1+ a2x)2 (A II-31)
For equation (A II-31) to have a solution, the following inequality should be satisﬁed:
0 < Δ = b2 − 4ac (A II-32)
0 < a24a
2
5(1+ a2x)
4 − 4a3a5(a4 − a3)(a′1 + a2x)2(1+ a2x)2 (A II-33)
Developing this inequality with substitutions from (A II-23), leads to the following conditions
and constraints on X:
• if a4 < a3, for all X > 0
• if a4 > a3
– if a4
√
a5
2
√
a3(a4−a3) < 1, for no X > 0
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– if 1 < a4
√
a5
2
√
a3(a4−a3) < a
′
1, for 0 < X <
α
√
a2a4
√
a5−2a2
√
a3(a4−a3)
2a′1
√
a2(a4−a3)−a4√a5
– if a′1 <
a4
√
a5
2
√
a3(a4−a3) , for all X > 0
As long as there is an x which satisﬁes (A II-33), the implicit function in (A II-31), i.e. f
(
x,y
)
,
would have two roots as follows:
y =
−b±√Δ
2a
(A II-34)
Since y= 1Yα and Y is the distance between UEc and eNB which is positive, only values of x
that satisfy the following constraint are accepted:
y > 0 (A II-35)
For the roots presented in equation (A II-34), depending on the number of positive roots, there
are four different possibilities that are illustrated in Fig.II-3 and summarized below:
if b < 0
if c < 0,y =
−b+√Δ
2a
(A II-36a)
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩ if c > 0,y = −b±
√
Δ
2a
(A II-36b)
if b > 0
if c < 0,y =
−b+√Δ
2a
(A II-36c)
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩ if c > 0,No positive solution (A II-36d)
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To be able to use the proper equation from (A II-36a)–(A II-36d) we should ﬁgure out how
the sign of b and c would change for different values of x. For the sign of b the results are
summarized as follows:
• if
√
a4a5
2a3
< 1, for all X > 0, b > 0
• if 1 <
√
a4a5
2a3
< a′1
– for 0 < X < α
√
a2(
√
2a3−√a4a5)√
a4a5−a′1
√
2a3
, b < 0
– for α
√
a2(
√
2a3−√a4a5)√
a4a5−a′1
√
2a3
< X , b > 0
• if a′1 <
√
a4a5
2a3
, for all X > 0, b < 0
and for the sign of c:
• if a′1 >
√
a5
– for 0 < X < α
√
a2(
√
a5−1)
a′1−
√
a5
, c < 0
– for α
√
a2(
√
a5−1)
a′1−
√
a5
< X , c > 0
• if a′1 <
√
a5, for all X > 0, c < 0
Although by using the presented equations and inequalities we are able to ﬁnd proper y (or Y),
there are two more constraints based on triangle inequality theorem that should be satisﬁed:
X +Y ≥ ded (A II-37)
X −Y ≤ ded (A II-38)
It should be noticed that since the locus for mode selection map is just dependent on X and Y,
it would be symmetric to the line connecting eNB and UEd. Hence for simplicity we let UEd
to be on the horizontal axis as the symmetric line.
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Figure-A II-3 Four possible cases for the solutions of (A II-31)
For values of X that Delta in (A II-32) is positive, using equations (A II-36a)–(A II-36d) we
can ﬁnd proper y (or Y) if it exists. Finally the calculated (X,Y) is accepted if they satisfy
inequalities (A II-37) and (A II-38). Then UEc’s position, i.e. (Xc,Yc), at points where RR=RC
(or RR=RD) is calculated as follows:
Xc = −
(X2 −Y 2 − d2ed)
2ded
(A II-39)
Yc = ±
√
Y 2 − X2c (A II-40)
4.2 Algorithm for developing the mode selection map
Based on the analytical solution for the mode selection map in part A, our mode selection map
algorithm is as follows:
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Calculate a1, a′1, a2, a3, and a4 using the equations in (A II-17)–(A II-21).
To draw the locus (A II-13), calculate a5 as presented in (A II-22), and for locus (A II-12)
substitute a5 with a′1.
If a4 < a3
Set Xdl = 0 and Xdu =∞.
Else
If a4
√
a5
2
√
a3(a4−a3) < 1, there is no solution to f (x,y) = 0
If 1 < a4
√
a5
2
√
a3(a4−a3) < a
′
1, set Xdl = 0 and Xdu =
α
√
a2a4
√
a5−2a2
√
a3(a4−a3)
2a′1
√
a3(a4−a3)−a4√a5 .
If a′1 <
a4
√
a5
2
√
a3(a4−a3) , set Xdl = 0 and Xdu =∞.
End
If Xdu =∞
If
√
a4a5
2a3
< 1 and a′1 >
√
a5 , set Xdu = α
√
a2(√a5−1)
a′1−
√
a5
+ rM
If 1 <
√
a4a5
2a3
< a′1 and a
′
1 >
√
a5 , set Xdu =max
(
α
√
a2(
√
2a3−√a4a5)√
a4a5−a′1
√
2a3
, α
√
a2(√a5−1)
a′1−
√
a5
)
+rM
If a′1 <
√
a4a5
2a3
and a′1 >
√
a5, set Xdu = α
√
a2(√a5−1)
a′1−
√
a5
+ rC
If
√
a4a5
2a3
< 1 or a′1 <
√
a4a5
2a3
, and a′1 <
√
a5, set Xdu = rC + rM
If 1 <
√
a4a5
2a3
< a′1 and a
′
1 <
√
a5, set Xdu = α
√
a2(
√
2a3−√a4a5)√
a4a5−a′1
√
2a3
+ rC
End
Set sz = 10−4
Xd = Xdl : s : Xdu
For n = 1 : length (X )
Set X = Xd (n)
Find sign (b) for X using the conditions presented in Section 4.1
Find sign (c) for X using the conditions presented in Section 4.1
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Set x = 1Xα
Knowing sign (b) and sign (c), ﬁnd proper y, if there is any, for x referring to
(A II-36a)–(A II-36d)
If y exists, set Y = α
√
1/y
If (X,Y ) satisfy inequalities (A II-37) and (A II-38)
Calculate (Xc,Yc) using (A II-39) and (A II-40)
Plot (Xc,Yc)
end
end
In the next section, we use our algorithm to develop the mode selection map of example 5G
networks.
5. Simulation Results
We evaluate the performance of the mode selection algorithm presented in previous section,
for the network scenario from Fig.II-1 where there is one pair of D2D enabled UEs (UEs and
UEd) and a cellular UE (UEc). We assume that all the entities use a single antenna for their
transmission/receiving. The parameter values used in the simulation are summarized in Table
AII-1.
Positions of the UEs and UEd are assumed ﬁxed as shown in Table AII-1. Using the algorithm
presented in the previous section, ﬁrst we develop the X −Y curves for different Pcs, as shown
in Fig.II-4 without considering the constraints (A II-37) and (A II-38). These constraints shown
in Fig.II-4 as red dashed lines, cuts the curves into pieces, indicated by bold lines, of valid
(X,Y )s.
Using the equations (A II-39) and (A II-40), we map the selected cuts to the contours which
deﬁne the locus deﬁned by (A II-12) and (A II-13). The results are shown in Fig.II-5.
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Table-A II-1 Simulation Parameters
Parameter Value
Cell radius (rC) 1Km
Margin radius (rM) 500m
UEs’s position (Xs,Ys) (250,250)
UEd’s position (Xd ,Yd) (300,0)
Step size (sz) 1e-4m
UE’s maximum power (PUE) 23 dBm
eNB’s maximum power (PeNB) 46 dBm
Ps and Pd PUE
Pe PeNB
Pc 0.05 dBm to PUE with steps = 0.05 dBm
Path-loss exponent (α) 3 (for urban area)
Shadow fading’s standard deviation (v) 7 dB
In our simulation scenario we achieved a′1 > a5 so we have RR > RC . This means that if UEc
moves from inﬁnity toward eNB, as long as it is outside the locus deﬁned by RR = RD, the
transmission between UEs and UEd happens in reuse mode and as soon as it is inside the
contour, the RD would be larger than RR. Therefore the mode between UEs and UEd changes
from reuse to dedicated mode.
Another important aspect is the number of cuts on each curve, as illustrated in Fig.II-4. This
number actually speciﬁes the number of closed contours for a speciﬁc Pc, as illustrated in
Fig.II-5. For example applying the algorithm for RR = RD, and Pc = 0.05, Pc = 0.1leads to a
single cut on the curve, as shown in Fig.II-4, which maps to a single part contour in Fig.II-5.
However for Pc = 0.15 and Pc = 0.2 there are two cuts on each curve for each Pc, which maps
into a contour which consists of two closed parts.
Finally it can be seen from Fig.II-5 that increasing Pc extends the area of the region limited
by a contour. This is because increasing Pc leads to an increase in the amount of interference
from UEc to UEd in the reuse mode, which itself reduces RR and causes RR = RC and RR = RD
to happen in further distances.
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Figure-A II-4 X-Y curves without considering the constraints (A II-37) and (A II-38)
Figure-A II-5 TM selection map of a D2D enabled 5G network
6. Conclusions
In this paper, we ﬁrst model the transmission between a pair of D2D enabled UEs in the reuse,
dedicated, and cellular modes. Based on this model we develop an analytical approach to derive
the mode selection map. Depending on the network parameters, there are several scenarios,
each of which brings a subset of constraints and conditions for the variables and parameters
of the problem. The exact solution to this problem for each scenario is discussed in the paper.
Finally we present simulation results using the proposed analytical approach. We showed that
the triangle inequality constraints affect the mode selection map by cutting the curves resulting
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from the algorithm. These constraints can cut a speciﬁc curve into two pieces which maps into
a contour consisting of two parts. Moreover we showed that increasing the transmission power
of the cellular user extends the region limited by contour.
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